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CONVERSION FACTORS, VERTICAL DATUM, AND WATER-QUALITY UNITS

Multiply To obtain

acre-foot
cubic foot per second
foot per mile
foot
inch
mile
square mile

1,233
0.02832
0.1894
0.3048

25.4
1.609
2.590

cubic meter
cubic meter per second
meter per kilometer
meter
millimeter
kilometer
square kilometer

To convert degrees Fahrenheit (°F) to degrees Celsius (°C), use the 
following formula: °C = (°F - 32)71.8.

Sea level: In this report sea level refers to the National Geodetic 
Vertical Datum of 1929 (NGVD of 1929)~A geodetic datum derived from a general 
adjustment of the first-order level nets of both the United States and Canada, 
formerly called Sea Level Datum of 1929.

Milligrams per liter is a unit expressing the concentration of a 
chemical constituent in solution as weight (milligrams) of solute 
per unit volume (liter) of water.

vm



SIMULATED EFFECTS OF THE PROPOSED GARRISON DIVERSION UNIT ON 

STREAMFLOW AND DISSOLVED SOLIDS IN THE SHEYENNE RIVER AND 

THE RED RIVER OF THE NORTH, NORTH DAKOTA AND MINNESOTA 

By R. Scott Guenthner

ABSTRACT

Future development of the Garrison Diversion Unit in North 
Dakota could deliver 100 cubic feet per second of water for the 
cities of Fargo, Grand Forks, and surrounding communities. Missouri 
River water from the Garrison Diversion Unit Sheyenne River water 
supply would be delivered to the upper reaches of the Sheyenne 
River, which would convey the water to the Red River of the North. 
Potential effects of releasing Missouri River water to the Sheyenne 
River on the quantity and quality of streamflow in the Sheyenne 
River and in the Red River of the North are evaluated for two pro 
posed operating plans year-round operation (12 months each year) 
and nonwinter operation (April through October each year). The 
Project Canals, Reservoirs, and River Systems (PROCRRS) and Canals, 
Rivers, and Reservoirs Salinity Accounting Procedures (CRRSAP) 
monthly accounting models are used to predict streamflow and 
dissolved-solids changes that could result from the proposed release 
of treated Missouri River water into the Sheyenne River and the Red 
River of the North. For year-round operation of the Garrison 
Diversion Unit Sheyenne River water supply for the period 1931-84, 
the maximum quantity of water that must be delivered to the upper 
reaches of the Sheyenne River so that 100 cubic feet per second of 
Missouri River water can be delivered to Fargo, N.Dak., and Grand 
Forks, N.Dak., was estimated to be about 151 cubic feet per second 
for August 1976. For nonwinter operation the maximum quantity of 
water was estimated to be about 210 cubic feet per second.

Model simulations were used to assess the effects that 
operation of the Garrison Diversion Unit Sheyenne River water supply 
could have on streamflow and water quality of the Sheyenne River and 
the Red River of the North. Effects were assessed by comparing 
simulated streamflows that include Missouri River water to baseline 
conditions, which represent hydrologic conditions before addition of 
Missouri River water.

Simulated mean monthly dissolved-solids concentrations for 
Sheyenne River nodes for year-round and nonwinter operation of the 
Garrison Diversion Unit Sheyenne River water supply generally were 
less than those for baseline conditions. Simulated mean monthly 
dissolved-solids concentrations for Red River of the North nodes for 
year-round and nonwinter operation generally were greater than those 
for baseline conditions.



Streamflow for 1933-42 was about 25 percent of the mean annual 
streamflow for 1931-84. Simulated monthly mean dissolved-solids 
concentrations for year-round and nonwinter operation for node 125, 
Sheyenne River near Cooperstown, N.Dak., for the low-flow conditions 
of 1933-42 were less than those for baseline conditions. Annual 
variability of simulated dissolved-solids concentrations for 
year-round operation was less than annual variability for nonwinter 
operation and for baseline conditions. Simulated monthly mean 
dissolved-solids concentrations for year-round and nonwinter 
operation for node 250, Sheyenne River near Kindred, N.Dak., for the 
low-flow conditions of 1933-42 ranged from 500 to 600 milligrams per 
liter. Simulated monthly mean dissolved-solids concentrations for 
baseline conditions ranged from 300 milligrams per liter to greater 
than 1,000 milligrams per liter. Simulated monthly mean 
dissolved-solids concentrations for nonwinter operation were less 
than those for year-round operation. For node 700, Red River of the 
North at Grand Forks, N.Dak., the magnitude of simulated monthly 
mean dissolved-solids concentrations for year-round and nonwinter 
operation for the low-flow conditions of 1933-42 were about the same 
as those for baseline conditions.

Streamflow for 1973-82 was about 30 percent greater than the 
mean annual streamflow for 1931-84. For the high-flow conditions of 
1973-82, simulated monthly mean dissolved-solids concentrations for 
node 125 for year-round operation ranged from about 325 to 650 
milligrams per liter, and simulated monthly mean dissolved-solids 
concentrations for baseline conditions and for nonwinter operation 
generally ranged from 325 to 800 milligrams per liter. Simulated 
monthly mean dissolved-solids concentrations for node 250 for 
year-round and nonwinter operation were about the same as those for 
baseline conditions. Simulated monthly mean dissolved-solids 
concentrations for node 700 for year-round and nonwinter operation 
also were about the same as those for baseline conditions.

INTRODUCTION

The Garrison Diversion Unit in North Dakota was authorized by 
Congressional Act of August 5, 1965, Public Law 89-108. The Garrison 
Diversion Unit was to provide (1) water for irrigation of 250,000 acres; (2) 
municipal, rural, and industrial water; (3) fish and wildlife habitat; (4) 
recreation; and (5) flood control. The Garrison Diversion Unit Reformulation 
Act of 1986, Public Law 99-294, specified several modifications and amendments 
to the 1965 Act. An amendment to Section 5 authorized and directed the 
Secretary of the Interior to construct, operate, and maintain a Sheyenne River 
water supply and release feature capable of delivering 100 cubic feet per 
second of water for the cities of Fargo and Grand Forks and the surrounding 
communities. Water from the Garrison Diversion Unit would be delivered to the 
upper reaches of the Sheyenne River, which would convey the water to the Red 
River of the North (pi. 1, in pocket).



Potential effects of releasing treated Missouri River water to the 
Sheyenne River on the quantity and quality of streamflow in the Sheyenne River 
and the Red River of the North needed to be evaluated. Consequently, the 
U.S. Geological Survey, in cooperation with the U.S. Bureau of Reclamation, 
conducted a study to address these needs. The U.S. Bureau of Reclamation's 
Project Canals, Reservoirs, and River Systems (PROCRRS) streamflow model 
(Hoovestol and Associates, 1988a) and Canals, Rivers, and Reservoirs Salinity 
Accounting Procedures (CRRSAP) water-quality model (Hoovestol and Associates, 
1988b) can be used to predict streamflow and water-quality changes that could 
result from the proposed release of treated Missouri River water into the 
Sheyenne River and the Red River of the North.

Purpose and Scope

This report provides the results of the study to determine the effects 
that operation of the Garrison Diversion Unit Sheyenne River water supply may 
have on streamflow and dissolved solids in the Sheyenne River and the Red 
River of the North. The specific objectives are to: (1) estimate the 
quantity of water that must be delivered to the upper reaches of the Sheyenne 
River from the Garrison Diversion Unit so that 100 cubic feet per second of 
Missouri River water can be delivered to Fargo, N.Dak., and Grand Forks, 
N.Dak., and surrounding communities; (2) use existing data to calibrate the 
PROCRRS and CRRSAP models; (3) use the calibrated models to simulate 
streamflow and dissolved solids for baseline conditions and for two proposed 
operating plans (year-round and nonwinter operation) of the Garrison Diversion 
Unit; and (4) compare simulated streamflow and dissolved-solids values for the 
two proposed operating plans to simulated values for baseline conditions to 
determine the effects of operation of the Garrison Diversion Unit Sheyenne 
River water supply on streamflow and dissolved solids in the Sheyenne River 
and the Red River of the North. As used in this report, baseline conditions 
in the Red River of the North basin, including the Sheyenne River basin, 
represent the hydrologic conditions that exist in the basin before addition of 
Missouri River water to the river system.

The models are to be used to simulate 54 years of monthly mean streamflow 
and dissolved solids. Streamflows that occurred in the Red River of the North 
basin during 1931-84 are assumed to be representative of future flows.

Description of Study Area

The Red River of the North basin is part of the Hudson Bay drainage system 
(pi. 1). Parts of Montana, South Dakota, North Dakota, and Minnesota in the 
United States, and parts of Saskatchewan and Manitoba in Canada are drained by 
the Red River of the North. The North Dakota-Minnesota boundary is formed by 
the Red River of the North. Drainage area of the Red River of the North at 
the Emerson, Man., streamflow-gaging station, which is 0.8 mile downstream 
from the international boundary, is 40,200 square miles (U.S. Geological 
Survey, 1988, p. 143). The Red River of the North is formed where the 
Ottertail and the Bois de Sioux Rivers join at Wahpeton, N.Dak., and 
Breckenridge, Minn. The river flows northward 394 miles to the United 
States-Canadian boundary. From the international boundary, the Red River of 
the North flows north about 155 miles and discharges into Lake Winnipeg. The



Red River of the North basin upstream from the international boundary (not 
including the Souris River basin) is the only part of the basin included in 
the study area.

The Red River of the North flows over lacustrine deposits of glacial Lake 
Agassiz through its entire length in North Dakota. The slope of the river is 
extremely flat. The river falls only about 200 feet in its 394-mile course 
from Wahpeton to the international boundary (Miller and Frink, 1984).

Water quality in the river is affected by the lacustrine deposits, by 
inflow from major tributaries from both North Dakota and Minnesota, and by 
ground-water discharge. Mean dissolved-solids concentrations ranged from 327 
milligrams per liter in 472 water samples collected from May 16, 1949, through 
September 16, 1986, at the Red River of the North at Fargo, N.Dak., gaging 
station to 430 milligrams per liter in 72 water samples collected from July 9, 
1974, through September 23, 1986, near the international boundary at the Red 
River of the North at Emerson, Man., gaging station.

The Sheyenne River is one of the major tributaries to the Red River of the 
North. The Sheyenne River has a drainage area of about 6,910 square miles 
(not including the closed Devils Lake basin). From its headwaters near 
Harvey, N.Dak., the Sheyenne River, which is about 500 miles long, flows 
eastward about 150 miles, southward about 200 miles, and then northeastward to 
its confluence with the Red River of the North, north of Fargo, N.Dak. 
(Souris-Red-Rainy River Basins Commission, 1972, p. D-50).

The Sheyenne River basin lies in three distinct physiographic areas. The 
drift prairie area extends from the headwaters to the vicinity of Valley City, 
N.Dak.; a hilly delta area extends from Valley City, N.Dak., to the vicinity 
of Kindred, N.Dak.; and the glacial Lake Agassiz area extends from the 
vicinity of Kindred, N.Dak., to the confluence of the Sheyenne River and the 
Red River of the North. Most of the Sheyenne River valley from the headwaters 
to Kindred, N.Dak., is incised into glacial till. The valley from Sheyenne, 
N.Dak., to Kindred, N.Dak., ranges from 100 to 200 feet in depth and 0.2 to 2 
miles in width. The Sheyenne River from Kindred, N.Dak., to the confluence of 
the Sheyenne River and the Red River of the North flows over lacustrine 
deposits of glacial Lake Agassiz. Average gradient of the river is 1.5 feet 
per mile in the drift prairie and hilly delta areas and about 1 foot per mile 
in the glacial Lake Agassiz area.

No flow has been recorded at times in the upper reaches of the Sheyenne 
River. Flow in the lower reaches of the river is regulated partly by releases 
from Baldhill Dam, which began regulating streamflow in 1949. Lake Ashtabula, 
formed by Baldhill Dam, has a capacity of 69,100 acre-feet between the invert 
of the outlet conduit and the normal pool elevation. Lake Ashtabula is 
operated for flood control (capacity at maximum pool elevation of 1,273.2 feet 
is 116,500 acre-feet), municipal water supply, recreation, and low-flow 
augmentation.



Dissolved-sollds concentrations are greater in water samples collected 
upstream of Lake Ashtabula than in water samples collected downstream of Lake 
Ashtabula. Mean dissolved-solids concentrations ranged from 867 milligrams 
per liter in 100 water samples collected from October 4, 1971, through August 
18, 1986, at the Sheyenne River above Harvey, N.Dak., gaging station, upstream 
of Lake Ashtabula, to 432 milligrams per liter in 90 water samples collected 
from June 5, 1959, through September 15, 1986, at the Sheyenne River below 
Baldhill Dam, N.Dak., gaging station.

PROPOSED GARRISON DIVERSION UNIT WATER SUPPLY

The proposed Garrison Diversion Unit Sheyenne River water supply needs to 
be capable of delivering a sufficient quantity of Missouri River water to the 
upper reaches of the Sheyenne River to provide 100 cubic feet per second of 
water for the cities of Fargo and Grand Forks and surrounding communities for 
12 months each year. The quantity of Garrison Diversion Unit water proposed 
for delivery to the Sheyenne River was estimated for two delivery 
alternatives: (1) deliver Missouri River water to the Sheyenne River for 12 
months each year (year-round operation), and (2) deliver Missouri River water 
to the Sheyenne River for 7 months each year (nonwinter operation). For both 
alternatives, water would be released from Lake Ashtabula to provide 100 cubic 
feet per second for 12 months each year.

Because water loss will likely occur between the delivery point and the 
withdrawal points, the Garrison Diversion Unit needs to be capable of 
delivering 100 cubic feet per second of water plus the maximum water losses 
that can be expected to occur. Water losses could include, but are not 
limited to, stream infiltration, bank storage, and evaporation. Determination 
of water losses by stream infiltration and bank storage is beyond the scope of 
this study; therefore, this report considers only water loss caused by 
evaporation.

Evaporation loss, as estimated in this report, is the difference between 
evaporation from the water surface before addition of Missouri River water to 
the Sheyenne River and the Red River of the North and evaporation after 
addition of Missouri River water. The estimated evaporation loss includes 
only that evaporation loss that occurs after Missouri River water is delivered 
to the Sheyenne River. No evaporation loss is included for the Garrison 
Diversion Unit delivery facilities necessary for delivery of Missouri River 
water to the Sheyenne River.

Estimated evaporation from the water surface of the rivers is the product 
of net evaporation and the increase in water-surface area. The maximum net 
evaporation from the rivers for each month of the year was computed from 
evaporation and precipitation data for 1931-84 (Guenthner and others, 1990).

Increase in water-surface area was estimated as the product of channel 
length and the increase in channel width. A channel length of 512 miles 
was estimated for the Sheyenne River and 134 miles was estimated for the



Red River of the North. Discharge measurement records for gaging stations on 
the Sheyenne River and the Red River of the North were examined to estimate 
the maximum channel-width increase that could occur from addition of 100 cubic 
feet per second of water to the rivers. A maximum channel-width increase of 
75 feet was estimated for the Sheyenne River and 15 feet was estimated for the 
Red River of the North.

The estimated maximum monthly water delivery requirements based on 
estimated maximum evaporation losses for the period 1931-84 are listed in 
table 1. The estimated maximum evaporation loss was 51.0 cubic feet per 
second in August 1976, for an estimated maximum delivery of 151 cubic feet per 
second. If the Garrison Diversion Unit delivery canal to the Sheyenne River 
is operated for only 7 months during the year (nonwinter operation), estimated 
maximum delivery of Missouri River water to the Sheyenne River is about 210 
cubic feet per second. The estimated maximum delivery for 7 months during the 
year was calculated as the sum of the 12-month delivery requirements (table 1) 
spread equally over 7 months (1,471 cubic feet per second/7 months).

Table 1. Estimated monthly water delivery requirements for the Garrison 
Diversion Unit Sheyenne River water supply based on estimated 
maximum monthly evaporation losses for the period 1931-84

Month
Year of 

occurrence

Estimated maximum 
evaporation loss

Cubic feet 
Inches per second

Estimated 
water delivery 
requirements 

(cubic 
feet per 
second)

January
February
March

April
May
June

July
August
September

October
November
December

1963
1934
1958

1980
1980
1974

1936
1976
1948

1945
1939
1939

0.21 
.28 
.66

1.78
6.66
5.49

7.21
7.42
5.68

2.62 
.87 
.23

1.4 
2.1 
4.5

12.6
45.6
38.8

49.4
51.0
40.2

17.9 
6.2 
1.6

101.4
102,
104,

112.6
145.6
138.8

149.4
151.0
140.2

117.9
106.2
101.6



DESCRIPTION OF THE MODELS

A brief description of the PROCRRS and CRRSAP models is presented in this 
report. A complete discussion of the models is given in the Programmers 
Manuals (Hoovestol and Associates, 1988a, 1988b) and Draft Users Guide 
(McDanel and others, 1989). The PROCRRS and CRRSAP models have been used to 
evaluate effects of the Garrison Diversion Unit on water quantity and quality 
in the James River in North Dakota and South Dakota (U.S. Bureau of 
Reclamation, 1986, 1989a). The model studies on the James River were used as 
a source of documentation and application of the models.

Project Canals, Reservoirs, and River Systems Streamflow Model 

Capability and Application

The PROCRRS model is a digital computer-based model used to simulate 
flows through project canals, reservoirs, and natural river systems. For this 
study, the model was used to simulate flows through one reservoir, Lake 
Ashtabula, and the Sheyenne River and the Red River of the North system. The 
PROCRRS model is a monthly accounting procedure that accounts for streamflow 
through a river system. A river system is made up of river segments called 
reaches. The river system is represented as a series of nodes. At each node, 
streamflow is adjusted for accruals and withdrawals. Each node corresponds to 
the location of a gaging station, the mouth of a tributary, or other locations 
where adjustments are needed.

The operations program for the PROCRRS model is a water accounting 
program. The accounting program allows for the accrual of project flows, 
natural inflow, irrigation or municipal return flows, and precipitation on the 
river water surface and allows for withdrawals that can include irrigation and 
municipal demands and evaporation from the river water surface. The model 
uses a monthly time step to complete flow simulations. The working equation 
for the model is A + B - C, where A is the inflow to the reach, B is the 
accrual or withdrawal along the river reach or at a specific location along 
the reach, and C is the resultant outflow. Outflow C from one reach becomes 
the inflow A of the next downstream reach.

The model reaches, tributary inflows, and gaging stations used to define 
the water quantity and quality at the downstream model nodes and tributary 
inflow nodes are listed in table 2. The river system and corresponding node 
structure used in the Sheyenne River and Red River of the North model is shown 
in figure 1.

Data Requirements and Availability

Primary input data needed by the PROCRRS model include end-of-month 
elevations and end-of-month contents for Lake Ashtabula, net evaporation from 
Lake Ashtabula, monthly streamflow for the Sheyenne River and the Red River of 
the North, evaporation from the water surface of the Sheyenne River and the 
Red River of the North, and permitted water-right withdrawals.



Table 2. Model reaches, tributary Inflows, and gaging stations used to define water quantity 

and quality at the downstream model node for the Project Canals. Reservoirs, and River 

Systems and Canals. Rivers, and Reservoirs Salinity Accounting Procedures models of 

the Sheyenne River and the Red River of the North

[Methods for determining water quantity and quality at model nodes are described by 
Guenthner and others (1990) and Guenthner (1991)]

Model reaches on the 
Sheyenne River

Gaging station used to define water
quantity and quality at the

downstream model node

Harvey to Warwick 
Warwick to Cooperstown 
Cooperstown to BaldhHl Dam

BaldhHl Dam to Valley City 
Valley City to Lisbon 
Lisbon to Kindred 
Kindred to West Fargo

Sheyenne River near Warwick, N.Dak. 
Sheyenne River near Cooperstown, N.Dak. 
Lake Ashtabula at Baldhlll Dam, N.Dak., and 
Sheyenne River below Baldhlll Dam, N.Dak. 

Sheyenne River at Valley City, N.Dak. 
Sheyenne River at Lisbon, N.Dak. 
Sheyenne River near Kindred, N.Dak. 
Sheyenne River at West Fargo,N.Dak.

Tributary Inflow to 
the Sheyenne River

Gaging station used to define water
quantity and quality at the

tributary Inflow node

Sheyenne River headwaters 
Baldhlll Creek 
Maple River 
Rush River

Sheyenne River above Harvey, N.Dak. 
Baldhlll Creek near Dazey, N.Dak. 
Maple River near Enderlln, N.Dak. 
Rush River at Amenla, N.Dak.

Model reaches on the 
Red River of the North

Gaging station used to define water
quantity and quality at the

downstream model node

Fargo to Halstad 
Halstad to Grand Forks 
Grand Forks to Drayton 
Drayton to Emerson

Red River of the North at Halstad, Mlnn.
Red River of the North at Grand Forks, N.Dak.
Red River of the North at Drayton, N.Dak.
Red River of the North at Emerson, Man.

Tributary Inflow to the 
Red River of the North

Gaging station used to define water
quantity and quality at the

tributary Inflow node

Red River of the North headwaters

Buffalo River 
Elm River 
Wild R1ce River 
Goose River 
Marsh River 
Sand H111 River 
Red Lake River 
Turtle River 
Forest River 
Snake River

Park River 
Pemblna River

Red River of the North at Fargo, N.Dak., or 
Red River of the North below Fargo, N.Dak.

Buffalo River near DHworth, M1nn.
Elm River near Kelso, N.Dak.
Wild R1ce River at Hendrum, M1nn.
Goose River at Hlllsboro, N.Dak.
Marsh River near Shelly, M1nn.
Sand H111 River at Climax, M1nn.
Red Lake River at Crookston, M1nn.
Turtle River at Manvel, N.Dak.
Forest River at M1nto, N.Dak.
Snake River at Warren, M1nn., and 
Middle River at Argyle, M1nn.

Park River at Grafton, N.Dak.
Pemblna River at Neche, N.Dak., and 

Tongue River at Akra, N.Dak.



Withdrawals from Dravton. North Dakota, to node 800 781

Withdrawals from node 700 to Drayton, North Dakota 780

Grand Fork's demand of Garrison Diversion Unit 
Sheyenne River Water Supply__________ 695
Increased evaporation from node 275 to node 700 
Withdrawals from node 600 to node 700________

690
680.

Withdrawals from node 500 to node 600 580

Withdrawals from node 275 to node 395 278
Fargo's demand of Garrison Diversion Unit Sheyenne 
River Water Supply______________________274

Withdrawals from node 200 to node 225

Withdrawals from node 175 to node 200 196

Increased evaporation from node 25 to 145

Withdrawals from node 75 to node 125 121

Withdrawals from node 50 to node 75

71

50

EXPLANATION 

- MAIN-STEM NODE AND NODE NUMBER

25
INFLOW OR RUNOFF NODE AND NODE 
NUMBER

WITHDRAWAL NODE AND NODE NUMBER

Increased evaporation from node 1 75 to node 275 273 /.
Faroe's demand of existina allocation in Lake Ashtabula 272 /s
Withdrawals from node 250 to node 275
Withdrawals from node 225 to node 250

271 /
246

800 Red River of the North at Emerson, Manitoba

775 Runoff from node 700 to node 800

700 Red River of the North at Grand Forks, North Dakota

675 Runoff from node 600 to 700 

650 Inflow from Red Lake River

600 Red River of the North at Halstad, Minnesota

575 Runoff from node 500 to node 600
550 Inflow from Wild Rice River
525 Inflow from Buffalo River

500 Inflow from Red River of the North at Fargo, North Dakota

395 Sheyenne River at the mouth

290 Inflow from Rush River
285 Shevenne River below the Maple River
280 Inflow from Maple River
275 Shevenne River at West Fargo, North Dakota

270 Runoff from node 250 to node 275
250 Shevenne River near Kindred, North Dakota

245 Runoff from node 225 to node 250

225 Sheyenne River at Lisbon, North Dakota

220 Runoff from node 200 to node 225

200 Sheyenne River at Valley City, North Dakota 

195 Runoff from node 175 to node 200

175 Sheyenne River below Baldhili Dam, North Dakota

160 Lake Ashtabula release

155 Inflow from Baldhili Creek
153 Lakeside runoff to Lake Ashtabula
150 Lake Ashtabula elevations
145 Shevenne River at the head of Lake Ashtabula
140 Runoff from node 125 to node 145

125 Sheyenne River near Cooperstown, North Dakota

120 Runoff from node 75 to node 125

75 Shevenne River near Warwick, North Dakota

70 Runoff from node 50 to node 75

50 Sheyenne River above Harvey, North Dakota

25 Garrison Diversion Unit Sheyenne River Water Supply

DIRECTION OF FLOW

Figure 1.--River system and corresponding node structure used in models 
of the Sheyenne River and the Red River of the North.



A reservoir node in the PROCRRS model requires a number of input files. 
Lake Ashtabula began storing water in August 1949 when Baldhill Dam was 
completed on the Sheyenne River. End-of-month water-surface elevations and 
end-of-month contents of Lake Ashtabula for August 1949 through September 1984 
(U.S. Geological Survey, 1959, 1964, 1971, 1971-86, 1976) were used as input 
data. Lake Ashtabula area-capacity data were input to the model after 
constructing a file from area-capacity curves received from the U.S. Army 
Corps of Engineers (E.G. Eaton, written commun., 1986). Net evaporation, the 
difference between evaporation and precipitation, from Lake Ashtabula was 
calculated from estimated evaporation from Lake Ashtabula and precipitation on 
Lake Ashtabula for 1931-84 (Guenthner and others, 1990).

Gaged and estimated monthly mean streamflow and estimated unregulated 
monthly mean streamflow data were compiled for a number of sites on the 
Sheyenne River and the Red River of the North (Guenthner and others, 1990). 
The PROCRRS model of the Sheyenne River and the Red River of the North was 
designed so model nodes corresponded to these sites. Streamflow data for 
these sites were used to calculate the gain or loss of streamflow in each 
river reach and the gain or loss data were used as model input. Gaged and 
estimated monthly mean streamflow and estimated unregulated monthly mean 
streamflow data for selected tributaries to the Sheyenne River and the Red 
River of the North also were used as model input. Streamflow data were input 
to the model through external files containing data for each month for 
1931-84.

Water-right withdrawal permits have been granted to water users for 
almost all river reaches in the study area. The quantity of water granted by 
permits through 1984 was grouped by river reach and was used as input data for 
each river reach (table 3). Information on water-right withdrawal permits 
through 1984 was obtained from the North Dakota State Water Commission (Craig 
Odenbach, written commun., 1986) and the Minnesota Department of Natural 
Resources (Gil Young, written commun., 1987).

Evaporation and precipitation has an effect on the quantity of streamflow 
in the Sheyenne River and the Red River of the North. The loss or gain of 
streamflow caused by evaporation and precipitation has been accounted for in 
the monthly streamflow data base for reaches of the Sheyenne River and the Red 
River of the North.

The increased loss or gain of streamflow caused by evaporation and 
precipitation after Missouri River water is added to the rivers was estimated. 
Estimated evaporation from the water surface of the rivers after Missouri 
River water is added is the product of net evaporation and the increase in 
water-surface area. Evaporation after addition of Missouri River water was 
estimated for the Sheyenne River upstream from Lake Ashtabula; the Sheyenne 
River between Baldhill Dam and West Fargo, N.Dak.; and the Sheyenne River from 
West Fargo, N.Dak., to the Red River of the North at Grand Forks, N.Dak. Net 
evaporation was estimated from monthly evaporation and precipitation data for 
1931-84 (Guenthner and others, 1990).

Increase in water-surface area was estimated as the product of channel 
length and the increase in channel width. The channel length of the Sheyenne

10
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River upstream from Lake Ashtabula is 241 miles; the channel length of the 
Sheyenne River downstream from Baldhill Dam to West Fargo, N.Dak., is 246 
miles. The channel length from the Sheyenne River at West Fargo, N.Dak., to 
the Red River of the North at Grand Forks, N.Dak., is 159 miles. Depending on 
the volume of streamflow in the Sheyenne River and the Red River of the North, 
the increase in channel width will vary. Estimates of increase in channel 
width were based on examination of instantaneous discharge measurements. Mean 
monthly streamflow for 1931-84 for the Sheyenne River near Cooperstown, 
N.Dak., gaging-station was used to estimate the increase in channel width for 
each month for the Sheyenne River upstream of Lake Ashtabula. Mean monthly 
streamflow for 1931-84 for the Sheyenne River near Kindred, N.Dak., gaging 
station was used to estimate the increase in channel width for each month for 
the Sheyenne River between Baldhill Dam and the Sheyenne River at West Fargo, 
N.Dak. The maximum width increase for the Sheyenne River was estimated to be 
75 feet when Missouri River water augments the mean monthly streamflow of 
between zero and 10 cubic feet per second. The width increase from the 
Sheyenne River at West Fargo N.Dak., to the Red River of the North at Grand 
Forks, N.Dak., was estimated to be 15 feet throughout. Estimated channel 
width increases are listed in table 4.

Additional input data developed during this study will be discussed later 
in this report where the data are first used for the model simulation.

Assumption and Limitations

The PROCRRS model uses a monthly time step to calculate inflow and 
outflow for each node. The model assumes that all flows into the first node 
of the river system being studied will be passed out the last node of the 
river system the same month. This assumption does not consider traveltime in 
the process. As such, the model of the river system is of a spatial dimension 
such that travel times though the river system do not exceed 1 month. For 
purposes of this study, it was assumed that traveltimes did not exceed 
1 month; although, during periods of low flow, traveltime from the headwaters 
of the Sheyenne River to the Red River of the North at Emerson, Man., may 
actually exceed 1 month.

The PROCRRS model is a simple water-accounting model and does not route 
streamflow through a reservoir or river system. Simulations were performed 
without routing considered. Traveltimes and routing considerations, such as 
bank and channel storage, already are included in monthly mean gaged and 
monthly mean unregulated streamflow model input. Garrison Diversion Unit 
Sheyenne River water supply flows essentially will be steady state, so bank 
and channel storage gains and losses resulting from the addition of Missouri 
River water to the Sheyenne River and Red River of the North should be 
negligible.

No method is available in the model for prioritizing demands by date of 
first use or by class of use. For example, municipal and irrigation 
diversions are treated equally and the flow is allocated to the demand most 
upstream in the river system. In addition, shortages that occur cannot be 
allocated to several demands. Demands will be satisfied by available water 
until a shortage is encountered; all subsequent downstream demands will be
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allocated a shortage until inflow can again satisfy demands farther 
downstream.

Canals, Rivers, and Reservoirs Salinity Accounting Procedures
Water-Quality Model

Capability and Application

The CRRSAP model is a monthly water-quality accounting procedure that 
accounts for a conservative substance load through a river system. A 
conservative substance is one that does not decay in time in a river system.

For this study, the model was used to simulate dissolved-solids load 
through the Sheyenne River and the Red River of the North system. The 
dissolved-solids load for each node is estimated as the product of the monthly 
mean streamflow and the monthly mean dissolved-solids concentration. The 
change in dissolved solids due to the increase in streambed width was not 
accounted for. Dissolved-solids load is added or withdrawn for nodes 
proceeding downstream. Thus, only three items need to be accounted for in the 
procedure for each node: (1) the dissolved-solids load from the upstream 
reach, (2) the dissolved-solids load added or withdrawn for the reach, and (3) 
the dissolved-solids load carried to the next downstream reach. Streamflow 
components that may be added or withdrawn for a node are: (1) Runoff; (2) 
irrigation return flows; (3) net evaporation or precipitation; and (4) 
withdrawals for irrigation, municipal, or industrial use.

The CRRSAP model accepts input from the PROCRRS streamflow model and, 
therefore, has a node structure identical to the PROCRRS model (fig. 1 and 
table 2).

Data Requirements and Availability

Primary input data used by the CRRSAP model are streamflow and 
dissolved-solids concentrations for the headwaters and tributaries of the 
Sheyenne River and the Red River of the North. Streamflow data are available 
from the PROCRRS model. Monthly mean dissolved-solids concentrations for the 
headwaters and tributaries are not available directly from field samples for 
1931-84. Generally, dissolved-solids concentrations were not measured 
frequently enough during any month to adequately define the monthly mean 
dissolved-solids concentration. Therefore, relations between dissolved-solids 
concentration and streamflow for selected gaging stations in the Red River of 
the North basin (Guenthner, 1991) were used to estimate monthly mean 
dissolved-solids concentrations for the headwaters and gaged tributaries of 
the Sheyenne River and the Red River of the North.

Relations between dissolved-solids concentration and streamflow for 
ungaged runoff to the Sheyenne River and the Red River of the North have not 
been developed. Monthly mean dissolved-solids concentrations for ungaged 
runoff into a river reach were estimated using the relation between 
dissolved-solids concentration and streamflow for the downstream gaging 
station. The coefficients in the relation between dissolved-solids 
concentration and streamflow were adjusted and applied to the runoff into the
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reach immediately upstream of the gaging station. Runoff into a reach 
includes all ungaged inflow between an upstream and downstream gaging station. 
Adjustment of coefficients is explained fully in the "Calibration of the 
Canals, Rivers, and Reservoirs Salinity Accounting Procedures Model" section 
of this report.

Ground-water accrual has been identified as a source for two reaches of 
the Sheyenne River (Guenthner, 1991). Low-flow seepage measurements conducted 
in October 1986 indicated ground-water accrual occurs in the vicinity of 
Warwick, N.Dak. Paulson and Akin (1964) and Randich (1971) also indicated 
ground-water accrual occurs in the vicinity of Warwick. Paulson (1964) 
identified ground-water accrual between the Sheyenne River at Lisbon, N.Dak., 
gaging station and the Sheyenne River near Kindred, N.Dak., gaging station. 
Estimated dissolved-solids concentrations in ground-water accrual for the two 
reaches are given in Guenthner (1991).

Assumptions and Limitations

Relations between dissolved-solids concentration and streamflow use 
instantaneous measurements of dissolved-solids concentration and streamflow. 
However, an assumption was made (Guenthner, 1991) that a reasonable estimate 
of monthly mean dissolved-solids concentration would be obtained if monthly 
mean streamflow was used in the relations between dissolved-solids 
concentration and streamflow. Monthly mean dissolved-solids concentration 
estimated from the relations between dissolved solids and streamflow may be 
much larger or smaller than the actual monthly mean concentration for that 
month. As an example; during spring runoff, field samples generally are 
obtained when streamflow is at or near the peak. Obtaining field samples at 
times of peak streamflow generally results in small values of dissolved-solids 
concentration. If the duration of the streamflow peak is only for a short 
period of time during the month, dissolved-solids concentration obtained 
during the peak cannot be used to accurately define monthly mean 
dissolved-solids concentration for the month. Estimated monthly mean 
dissolved-solids concentrations in this report are used as actual monthly mean 
dissolved-solids concentrations and are compared to model simulated data for 
calibration and error analysis.

The relations developed between dissolved-solids concentration and 
streamflow are logarithmic; thus, as streamflow approaches zero, 
dissolved-solids concentration becomes very large. At low flows, reasonable 
estimates of dissolved-solids concentration were obtained with the CRRSAP 
model by setting a maximum limit on dissolved-solids concentration. The 
dissolved-solids concentration for streamflow of 1.0 cubic foot per second was 
used as the dissolved-solids concentration for all streamflows of 1.0 cubic 
foot per second or less. The maximum limit on dissolved-solids concentration 
for streamflow of 1.0 cubic foot per second or less will be different for each 
node because the relation between dissolved solids and streamflow is different 
for each node.
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CALIBRATION OF MODELS 

Project Canals, Reservoirs, and River Systems Streamflow Model

The primary goal of calibrating the PROCRRS model is to minimize the 
difference between simulated and gaged streamflow data. Nodes upstream of 
node 175, the Sheyenne River below Baldhill Dam, N.Dak., were calibrated by 
depleting the unregulated flows by historic depletions. If the difference 
between simulated and gaged streamflow data were minimized for node 175, then 
nodes downstream of node 175 would be calibrated. Therefore, the PROCRRS 
model was calibrated by minimizing the differences between simulated and gaged 
streamflow data for node 175. Measured inflows, end-of-months contents, and 
outflows are available for Lake Ashtabula for 1950-84. Therefore, the PROCRRS 
model was calibrated for 1950-84. A description of nodes used in the 
calibrated PROCRRS model is given in table 5.

The PROCRRS model uses a water-balance procedure to account for gains and 
losses to Lake Ashtabula. The initial step in calibration of the PROCRRS 
model was to account for all inflow to Lake Ashtabula. Total Lake Ashtabula 
inflow (1950-84) was considered equal to the unregulated streamflow of the 
Sheyenne River below Baldhill Dam, N.Dak., gaging station, node 175. All 
input in the water balance has been accounted for by Guenthner and others 
(1990) except for the streamflow gain at node 140, which represents the 
streamflow gain between node 125, Sheyenne River near Cooperstown, N.Dak., and 
node 145, Sheyenne River at the head of Lake Ashtabula, and the inflow at node 
153, Lake Ashtabula lakeside runoff.

Streamflow for node 145 was estimated by the drainage-area ratio method, 
as presented by Hirsch (1979). The drainage-area ratio method assumes the 
ratio of the streamflow at two sites is equal to the ratio of their drainage 
areas. Streamflow for node 125 was used to estimate the steamflow for node 
145 by adjusting by the drainage-area ratio. The drainage area for node 125 
is 1,270 square miles and the drainage area for node 145 is 1,334 square 
miles. The streamflow gain between node 125 and node 145 was assumed to be 5 
percent of the streamflow at node 125.

Lakeside runoff to Lake Ashtabula (node 153) for 1950-84 was computed as 
the difference between total Lake Ashtabula inflow (node 175) and inflow from 
the Sheyenne River at the head of Lake Ashtabula (node 145), inflow from 
Baldhill Creek at the mouth (node 155), evaporation and precipitation (node 
144), and change in reservoir storage (node 150). Lakeside runoff includes 
actual runoff plus unaccounted for gains to and losses from Lake Ashtabula. 
Unaccounted for gains to and losses from Lake Ashtabula include errors 
associated with estimating streamflow into the reservoir, releases from the 
reservoir, evaporation, precipitation, and changes in reservoir storage.

Lake Ashtabula is operated by the U.S. Army Corps of Engineers according 
to an established water-control plan (E.G. Eaton, written commun., 1986). 
Generalized target elevations, which are the maximum elevations the reservoir 
pool is allowed to reach at the end of each month, are established by the U.S. 
Army Corps of Engineers. These generalized target elevations were used in the 
model as end-of-month elevations of Lake Ashtabula. The model simulated
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Table 5. Description of nodes used 1n the calibrated Project Canals,
Reservoirs, and River Systems model

Node number Description

50
70
75
120
125

140
145
150
150
150

153
155
160
175
195

200
220
225
245
250

270
275
280
285
290

395
500
525
550
575

600
650
675
700
775
800

Station 05054500, Sheyenne River above Harvey, N.Dak.
Runoff from above Harvey to near Warwick
Station 05056000, Sheyenne River near Warwick, N.Dak.
Runoff from near Warwick to near Cooperstown
Station 05057000, Sheyenne River near Cooperstown, N.Dak.

Runoff from near Cooperstown to head of Lake Ashtabula
Sheyenne River at the head of Lake Ashtabula
Lake Ashtabula storage
Station 05057500, Lake Ashtabula elevations
Lake Ashtabula net evaporation

Lake Ashtabula lakeside runoff
Baldhill Creek at the mouth
Lake Ashtabula releases
Station 05058000, Sheyenne River below Baldhill Dam, N.Dak.
Runoff from below Baldhill Dam to Valley City

Station 05058500, Sheyenne River at Valley City, N.Dak.
Runoff from Valley City to Lisbon
Station 05058700, Sheyenne River at Lisbon, N.Dak.
Runoff from Lisbon to near Kindred
Station 05059000, Sheyenne River near Kindred, N.Dak.

Runoff from near Kindred to West Fargo
Station 05059500, Sheyenne River at West Fargo, N.Dak.
Maple River at the mouth
Sheyenne River below the Maple River
Rush River at the mouth

Sheyenne River at the mouth
Station 05054000, Red River of the North at Fargo, N.Dak.
Buffalo River at the mouth
Wild Rice River at the mouth
Runoff from Fargo to Halstad

Station 05064500, Red River of the North at Halstad, Minn.
Red Lake River at the mouth
Runoff from Halstad to Grand Forks
Station 05082500, Red River of the North at Grand Forks, N.Dak,
Runoff from Grand Forks to Emerson
Station 05102500, Red River of the North at Emerson, Man.
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releases from Lake Ashtabula so that the simulated end-of-month elevations of 
Lake Ashtabula do not exceed the target elevations.

The U.S. Army Corps of Engineers water-control plan for Lake Ashtabula 
specifies a minimum instream flow below Baldhill Dam of 15 cubic feet per 
second, except when end-of-month elevations of Lake Ashtabula are less than 
1,257.0 feet. Therefore, the PROCRRS model was set to release a minimum 
instream flow of 15 cubic feet per second for all months except March. The 
minimum instream flow requirement for March was set at 40 cubic feet per 
second to account for higher streamflows that usually occur in March because 
of snowmelt runoff.

Simulated mean monthly, measured mean monthly, and end-of-month target 
elevations of Lake Ashtabula for 1950-84 are listed in table 6. Simulated and 
measured mean monthly elevations are in close agreement for April when Lake 
Ashtabula is being filled by snowmelt runoff. Simulated mean monthly 
elevations are higher than measured mean monthly elevations for all months 
except April. The greatest difference, which occurred in March, was 1.27 
feet. Simulated mean monthly elevations were higher than measured mean 
monthly elevations because actual operation of Lake Ashtabula allows for 
adjustment of end-of-month target elevations depending on forecasted runoff 
into the reservoir, but the model allows the reservoir pool to reach 
end-of-month target elevations before water is released downstream.

Table 6.--Simulated mean monthly, measured mean monthly, and end-of-month 
target elevations of Lake Ashtabula, in feet above sea level, 1950-84

Month

Simulated
mean monthly
elevation

Measured
mean monthly
elevation

End-of-month
target 

elevation

January 
February 
March

April 
May 
June

July 
August 
September

October 
November 
December

1,263.17 
1,262.49 
1,263.69

1,265.47 
1,265.57 
1,265.68

1,265.63 
1,265.43 
1,265.07

1,264.71 
1,264.32 
1,263.89

1,261.92 
1,261.41 
1,262.42

1,265.48 
1,265.30 
1,265.01

1,264.66 
1,264.33 
1,264.06

1,263.83 
1,263.49 
1,263.10

1,263.20 
1,262.50 
1,266.00

1,266.00 
1,266.00 
1,266.00

1,266.00 
1,266.00 
1,265.50

1,265.00 
1,264.50 
1,264.00
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Simulated mean monthly streamflow for node 175, Sheyenne River below 
Baldhill Dam, N.Dak., was greater than gaged mean monthly streamflow for April 
and for September through February for 1950-84 hydro!ogic conditions (fig. 2). 
The largest difference was for April when simulated mean monthly streamflow 
was 55.4 cubic feet per second greater than gaged mean monthly streamflow. 
Simulated mean monthly steamflow was less than gaged mean monthly steamflow 
for March and for May through August. Simulated annual streamflow generally 
was in good agreement with gaged annual streamflow for 1950-84 hydrologic 
conditions (fig. 3). Simulated mean annual streamflow for 1950-84 was 2,074 
acre-feet, or about 2 percent, greater than gaged mean annual streamflow. 
Simulated streamflow was 33,602 acre-feet greater than gaged streamflow in 
1952 when the gaged streamflow was only 11,375 acre-feet. Prior to April 
1952, the reservoir pool was maintained below normal pool elevations. The 
difference between simulated and gaged streamflow in 1952 reflects the 
quantity of water that went into reservoir storage to bring the pool to normal 
operating elevations.

Canals, Rivers, and Reservoirs Salinity Accounting Procedures Model

The primary goal of calibrating the CRRSAP model is to minimize the 
difference between simulated and measured dissolved-solids concentration data. 
The CRRSAP model was calibrated at selected nodes by graphically comparing the 
relation between simulated dissolved-solids concentration and streamflow to 
the relation between measured dissolved-solids concentration and streamflow. 
The coefficients for the simulated relation were adjusted until the difference 
between the two relations appeared to be minimized. The mean-square-error 
objective function was used to quantify the errors.

The model was calibrated for the range of streamflow that occurred during 
the period of water-quality record for each node. If only the low-flow or the 
high-flow part of the hydrologic regime were to be evaluated, recalibration of 
the model for that hydrologic regime could further reduce the error at some 
nodes. The model was calibrated for key nodes for the period when measured 
data were available for the node. The period of record differs among nodes.

The equations used to describe the relations between dissolved-solids 
concentration and streamflow (Guenthner, 1991) are shown in table 7. Each of 
these equations is significant at the 95 percent confidence level, unless 
otherwise noted.

Calibration for Selected Nodes

Node 50, Sheyenne River above Harvey, N.Dak.--Dissolved-solids 
concentrations for node 50 were calculated using monthly mean streamflow of 
the Sheyenne River above Harvey, N.Dak., in the relation between 
dissolved-solids concentration and streamflow developed by Guenthner (1991).

Node 75, Sheyenne River near Warwick, N.Dak.--A single relation between 
dissolved-solids concentration and streamflow for node 75 could not be 
developed (Guenthner, 1991). Therefore, a relation between dissolved-solids 
concentration and streamflow was developed for each month and the 12 
individual monthly relations were used to estimate the dissolved-solids
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Table 7. Relations between dlssolved-sollds concentration and streamflow for nodes 1n the 
Canals. Rivers, and Reservoirs Salinity Accounting Procedures model

[Modified from Guenthner, 1991; DS, dlssolved-sollds concentration, 1n milligrams per liter;
Q, streamflow, In cubic feet per second]

Node number Gaging station used to define water quality at the node Equation

50
125
155
225
250

275
280
290
500
525

550
600
650
700
800

Station
Station
Station
Station
Station

Station
Station
Station
Station
Station

Station
Station
Station
Station
Station

05054500,
05057000,
05057200,
05058700,
05059000,

05059500,
05059700,
05060500,
05054000,
05062000,

05064000,
05064500,
05079000,
05082500,
05102500,

Sheyenne River above Harvey, N.Dak.
Sheyenne River near Cooperstown, N.Dak.
Baldhlll Creek near Dazey, N.Dak.
Sheyenne River at Lisbon, N.Dak.
Sheyenne River near Kindred, N.Dak.

Sheyenne River at West Fargo, N.Dak.
Maple River near Enderlln, N.Dak.
Rush River at Amenla, N.Dak.
Red River of the North below Fargo, N.Dak.
Buffalo River near D11 worth, Mlnn.

Wild R1ce River at Hendrum, Mlnn.
Red River of the North at Halstad, M1nn.
Red Lake River at Crookston, M1nn.
Red River of the North at Grand Forks, N.Dak.
Red River of the North at Emerson, Man.

DS-
DS-
DS-
DS-
DS-

DS-
DS -
DS-
DS-
DS-

DS-
DS -
DS -
DS-
DS-

987 - 77.2 In0
730 - 43.8 In0
597 0-° - 175
1,010 0-0-151

841 - 69.2 In0

753 - 62.6 In0
1,510 0-0- 247
997 0-0.206
605 0-0.093
915 0-0.165

737 0-°-l63
g04 0-0.116
402 0-0.070
506 0-0-052
1,460 0-0.168

concentrations for model input. Monthly mean runoff between nodes 50 and 75 
was used in the relations to estimate dissolved-solids concentrations of the 
runoff (node 70). The monthly relations between dissolved-solids 
concentration and streamflow for node 75 are listed in table 8. The 
dissolved-solids concentrations for node 50 were added to those for node 70 to 
estimate the dissolved-solids concentrations for node 75.

Ground-water accrual has been identified as a significant contribution to 
streamflow in the rea-ch between nodes 50 and 75 (Guenthner, 1991). The 
differences between simulated monthly mean dissolved-solids concentrations and 
measured dissolved-solids concentrations were about the same when ground-water 
accrual was included in the simulations and when ground-water accrual was not 
included in the simulations. Because the model was not sensitive to the 
ground-water dissolved-solids concentrations, ground-water accrual was not 
included in the final calibration for dissolved solids.

Generally, the magnitude of simulated monthly mean dissolved-solids 
concentrations for node 75 was in about the same range as measured 
dissolved-solids concentrations (fig. 4). For streamflows of less than 10 
cubic feet per second, simulated monthly mean dissolved-solids concentrations 
tended to be greater than measured dissolved-solids concentrations.

22



Table 8. Relations between dlssolved-solids concentration and streamflow 
for node 75, by month, Sheyenne River near Warwick, North Dakota

[Modified from Guenthner, 1991; DS, dissolved-solids concentration, in 
milligrams per liter; Q, streamflow, in cubic feet per second]

Month Equation

January
February
March

April
May
June

July
August
September

October
November
December

1 DS = 345 + 127 ln<?
*DS * 608 - 61.4 ln<?
*DS = 591 - 49.0 ln<?

1 DS = 739 
2 » 3 0S = 724 - 50.8 ln<? 
2 » 3 0S = 449 + 73.3 ln<?

X0S = 435 + 32.1 ln<?
1 DS = 404 + 65.0 ln<?
X 0S = 346 + 65.8 ln<?

2 05 = 295 + 82.9 ln<?
2 05 = 183 + 153 ln<?

= 246 + 183 ln<?

1 0 is daily mean streamflow.
*Q is instantaneous streamflow
'Relation is not significant at the 95 percent level.

Node 125, Sheyenne River near Cooperstown, N.Dak. Calibration for node 
125 was accomplished by a trial and error process. The period of calibration 
was 1960-84, when measured dissolved-solids concentrations were available. 
The relation between dissolved-solids concentration and streamflow (table 7) 
was developed using the streamflow for the Sheyenne River near Cooperstown, 
N.Dak., gaging station. Because dissolved-solids concentration of runoff 
between nodes 75 and 125 (node 120) was needed, the relation developed by 
Guenthner (1991) for the Sheyenne River near Cooperstown, N.Dak., could not be 
used directly. The trial and error calibration process was as follows: (1) 
The relation for the Sheyenne River near Cooperstown, N.Dak., was used with 
runoff between nodes 75 and 125 (node 120) and a simulation was completed for 
node 125; (2) a new relation between simulated monthly mean dissolved-solids 
concentration and simulated mean monthly streamflow was developed for node 
125; (3) the new relation developed for node 125 in step 2 was compared to the 
relation developed from measured values for the Sheyenne River near 
Cooperstown, N.Dak.; (4) coefficients of the relation for node 120 in step 1 
were increased or decreased depending on the comparison obtained in step 3; 
and (5) steps 2, 3, and 4 were repeated until no improvement could be detected 
in the comparison between the relations discussed in step 3. The relations 
between simulated monthly mean dissolved-solids concentration and streamflow
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and measured dissolved-solids concentration and streamflow for node 125 are 
shown in figure 5. The relation between simulated dissolved-solids 
concentration and runoff for node 120 is listed in table 9. Simulated monthly 
mean dissolved-solids concentrations and measured dissolved-solids 
concentrations will be about the same for a wide range of streamflow.

Node 145, Sheyenne River at the head of Lake Ashtabula; node 153, Lake 
Ashtabula lakeside runoff; and node 155, Baldhill Creek at the mouth. No 
relation between dissolved-solids concentration and streamflow has been 
developed for the runoff between nodes 125 and 145 (node 140) or for node 153. 
The relation developed for Baldhill Creek near Dazey, N.Dak., was used for the 
runoff between nodes 125 and 145 (node 140), for node 153, and for node 155. 
No calibration was completed for these nodes.

Node 175, Sheyenne River below Baldhill Dam, N.Dak. The model mixes 
inflow to Lake Ashtabula with the storage in the reservoir on a monthly basis. 
Releases from the reservoir are made at the concentration computed after all 
inflows have been mixed. Net evaporation leaves the reservoir as pure water 
(dissolved-solids concentration equal to zero milligrams per liter), leaving a 
larger concentration of dissolved solids in the lake. Reservoir storage at 
the beginning of January 1951 was 8,956 acre-feet. Initial dissolved-solids 
concentration was set at 480 milligrams per liter. Because initial storage is 
small in relation to total reservoir capacity and annual inflow, error in the 
beginning dissolved-solids concentration has little effect on long-term 
dissolved-solids concentration of storage in Lake Ashtabula. Mean simulated 
dissolved-solids concentration of storage in Lake Ashtabula for 1951-84 was 
471 milligrams per liter.

Changes in dissolved-solids concentration could not be explained by 
changes in streamflow for node 175 (Guenthner, 1991). Dissolved-solids 
concentrations in streamflow immediately downstream from a large reservoir 
should remain relatively constant regardless of the magnitude of releases 
from the reservoir if storage is relatively well mixed. No attempt was made 
to calibrate node 175.

Simulated mean monthly dissolved-solids concentration and measured mean 
monthly dissolved-solids concentration for node 175 (fig. 6) are presented 
only to show the reader how simulated mean monthly values compare with 
measured values for 1960-84. Simulated mean monthly dissolved-solids 
concentrations shown in figure 6 can be used as an interpretation of 
dissolved-solids load released from Lake Ashtabula when used with mean monthly 
streamflow. Measured dissolved-solids concentrations shown in figure 6 are 
means of instantaneous values and should not be used as an interpretation of 
the dissolved-solids load released from Lake Ashtabula.

Node 200, Sheyenne River at Valley City, N.Dak. Changes in 
dissolved-solids concentration could not be explained by changes in streamflow 
for node 200 (Guenthner, 1991), probably because of the influence of Lake 
Ashtabula. The relation between dissolved-solids concentration and streamflow 
that applies to the runoff between nodes 200 and 225 (node 220; table 9) also 
was used for the runoff between nodes 175 and 200 (node 195; table 9). No 
attempt was made to calibrate node 200.
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DISSOLVED-SOLIDS CONCENTRATION, 
IN MILLIGRAMS PER LITER
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Table 9. Relations between simulated dlssolved-solids concentration and 
runoff for selected nodes in the Canals, Rivers, and Reservoirs 
Salinity Accounting Procedures model

IDS, dissolved-sollds concentration, 1n milligrams per liter; 
0, streamflow, in cubic feet per second]

Node number Description Equation

120 Runoff into the Sheyenne River DS = 800 - 70.0 In0 
from Warwick to Cooperstown

195 Runoff into the Sheyenne River DS = 2,253 0-0.44 
from Baldhill Dam to Valley City

220 Runoff into the Sheyenne River DS = 2,253 0-0.44 
from Valley City to Lisbon

245 Runoff into the Sheyenne River DS - 800 - 68.4 In0 
from Lisbon to Kindred

270 Runoff into the Sheyenne River DS - 575 - 71.0 In0 
from Kindred to West Fargo

575 Runoff into the Red River of the North DS = 992 0-0.0900 
from Fargo to Halstad

675 Runoff into the Red River of the North DS = 1,096 0-0.0550 
from Halstad to Grand Forks

775 Runoff into the Red River of the North DS = 7,000 0-0.5500 
from Grand Forks to Emerson

Node 225, Sheyenne River at Lisbon, N.Dak. The trial and error process 
used to calibrate node 125, Sheyenne River near Cooperstown, N.Dak., also was 
used to calibrate node 225. Coefficients of the relation for node 220, table 
9, were adjusted to calibrate node 225. The period of calibration for node 
225 was 1957-84. The relations between simulated monthly mean dissolved- 
solids concentration and streamflow and measured dissolved-solids concentration 
and streamflow for node 225 are shown in figure 7. Simulated monthly mean 
dissolved-solids concentrations were about the same as measured dissolved- 
solids concentrations for node 225 for the range of streamflow that has been 
measured for node 225 (fig. 7).

Node 250, Sheyenne River near Kindred, N.Dak. The trial and error 
process used to calibrate node 125, Sheyenne River near Cooperstown, N.Dak., 
also was used to calibrate node 250. Coefficients of the relation for node 
245, table 9, were adjusted to calibrate node 250. The period of calibration 
for node 250 was 1972-84. Ground-water accrual contributes to streamflow

28



ro

1
0

,0
0

0

z
 

o 9
<

_
|Q

£
 

O
O

W
H

 
i =

!

1
.0

0
0

o
 

5

10
0

S
IM

U
LA

TE
D

 M
O

N
TH

LY
 M

EA
N

 C
O

N
C

E
N

TR
A

TI
O

N
S

R
E

LA
TI

O
N

 B
ET

W
EE

N
 S

IM
U

LA
TE

D
 M

O
N

TH
LY

 M
EA

N
 D

IS
S

O
L

V
E

D
-S

O
 L

ID
S

 C
O

N
C

E
N

TR
A

TI
O

N
A

N
D

 S
TR

EA
M

FL
O

W
 

R
E

LA
TI

O
N

 B
ET

W
EE

N
 M

E
A

S
U

R
E

D
 D

IS
S

O
L

V
E

D
-S

O
U

D
S

 C
O

N
C

E
N

TR
A

TI
O

N
 A

N
D

 S
TR

EA
M

FL
O

W

i 
i 

i 
i

i_
i 
i
i
i

1 
10

 
10

0 
1,

00
0

ST
R

EA
M

FL
O

W
, 

IN
 C

U
B

IC
 F

EE
T 

PE
R 

SE
C

O
N

D

F
ig

ur
e 

7
.-

-R
e
la

tio
n
 

o
f 

st
re

am
flo

w
 t

o
 

si
m

ul
at

ed
 

an
d 

m
ea

su
re

d 
d
is

so
lv

e
d
-s

o
lid

s
co

n
ce

n
tr

a
tio

n
s 

fo
r 

no
de

 
22

5,
 

Sh
ey

en
ne

 
R

iv
er

 
a

t 
Li

sb
on

, 
N

or
th

 
D

ak
ot

a,
 

19
57

-8
4.

1
0
,0

0
0



between nodes 225 and 250, node 245. For modeling purposes, ground-water 
accrual is considered a source of inflow and dissolved solids when total 
runoff into the reach is less than 15 cubic feet per second. Ground-water 
accrual contributes at a rate equal to the total runoff into the reach but not 
at a rate of greater than 15 cubic feet per second. Dissolved-solids 
concentration of ground-water accrual was set at 440 milligrams per liter 
(Guenthner, 1991). At low flows, simulated monthly mean dissolved-solids 
concentrations would be about the same as measured dissolved-solids 
concentrations for node 250 (fig. 8). As streamflow increases, simulated 
monthly mean dissolved-solids concentrations gradually would become greater 
than measured dissolved-solids concentrations. At 3,000 cubic feet per 
second, simulated monthly mean dissolved-solids concentrations were about 16 
milligrams per liter greater than measured dissolved-solids concentrations of 
287 milligrams per liter (fig. 8).

Node 275, Sheyenne River at West Fargo, N.Dak. The trial and error 
process used to calibrate node 125, Sheyenne River near Cooperstown, N.Dak., 
also was used to calibrate node 275. Coefficients of the relation for node 
270, table 9, were adjusted to calibrate node 275. The period of calibration 
for node 275 was 1970-84. For the range of streamflow that has been measured 
for node 275, simulated monthly mean dissolved-solids concentrations generally 
will be from 55 to 60 milligrams per liter greater than measured 
dissolved-solids concentrations (fig. 9). However, the relation between 
measured dissolved-solids concentration and streamflow was based on only 21 
measured values of dissolved-solids concentration and streamflow. When 
dissolved-solids concentrations were estimated from the larger 
specific-conductance data base and compared to simulated monthly mean 
dissolved-solids concentrations, a more favorable comparison was observed 
(fig. 9). Simulated monthly mean dissolved-solids concentrations ranged from 
about 60 milligrams per liter less to 30 milligrams per liter greater than 
dissolved-solids concentrations estimated from specific conductance. At the 
mean streamflow of 178 cubic feet per second, simulated monthly mean 
dissolved-solids concentration was only 14 milligrams per liter less than 
dissolved-solids concentration estimated from specific conductance.

Node 280, Maple River at the mouth, and node 290, Rush River at the 
mouth. The relations between measured dissolved-solids concentration and 
streamflow for the Maple River near Enderlin, N.Dak., and for the Rush River 
at Amenia, N.Dak., were used to define the dissolved-solids concentrations for 
nodes 280 and 290, respectively. No calibration was necessary for these nodes 
because the model treats streamflow of the Maple River and the Rush River as 
inflow.

Node 500, Red River of the North at Fargo, N.Dak.--Although the Sheyenne 
River is a tributary of the Red River of the North, the model was set up to 
treat the Red River of the North as a tributary to the Sheyenne River. 
Treatment of the Red River of the North as a tributary allows the model to 
handle the Sheyenne River and the Red River of the North as one river system. 
Because the model treats streamflow of the Red River of the North upstream 
from Fargo as inflow, no calibration was necessary for node 500. The relation 
between measured dissolved-solids concentration and streamflow for the Red 
River of the North below Fargo, N.Dak., gaging station was used to define the 
dissolved-solids concentration for node 500.
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Node 525, Buffalo River at the mouth, and node 550, Wild Rice River at 
the mouth.--The relations between measured dissolved-solids concentration 
and streamflow for the Buffalo River near Dilworth, N.Dak., and the Wild 
Rice River at Hendrum, Minn., were used to define the dissolved-solids 
concentrations for nodes 525 and 550, respectively. No calibration was 
necessary for these nodes because the model treats streamflow of the 
Buffalo River and the Wild Rice River as inflow.

Node 600, Red River of the North at Halstad, Minn. The trial and 
error process used to calibrate node 125, Sheyenne River near Cooperstown, 
N.Dak., also was used to calibrate node 600. Coefficients of the relation 
for node 575, table 9, were adjusted to calibrate node 600. The period of 
calibration was 1970-84. For streamflow of less than 100 cubic feet per 
second, simulated monthly mean dissolved-solids concentrations would be 
slightly greater than measured dissolved-solids concentrations (fig. 10). 
For streamflow greater than 100 cubic feet per second, simulated monthly 
mean dissolved-solids concentrations would be about the same as measured 
dissolved-solids concentrations.

Node 650, Red Lake River at the mouth. The relation between measured 
dissolved-solids concentration and streamflow for the Red Lake River at 
Crookston, Minn., was used to define the dissolved-solids concentrations 
for node 650. No calibration was necessary for node 650 because the model 
treats streamflow of the Red Lake River as inflow.

Node 700, Red River of the North at Grand Forks, N.Dak. The trial and 
error process used to calibrate node 125, Sheyenne River near Cooperstown, 
N.Dak., also was used to calibrate node 700. Coefficients of the relations 
for node 675, table 9, were adjusted to calibrate node 700. The period of 
calibration was 1951-84. Simulated monthly mean dissolved-solids 
concentrations would range from 3 milligrams per liter less than measured 
dissolved-solids concentrations for streamflow of 100 cubic feet per second 
to 8 milligrams per liter less for streamflow of 36,000 cubic feet per 
second (fig. 11).

Node 800, Red River of the North at Emerson, Man. The trial and error 
process used to calibrate node 125, Sheyenne River near Cooperstown, 
N.Dak., also was used to calibrate node 800. .Coefficients of the relations 
for node 775, table 9, were adjusted to calibrate node 800. The period of 
calibration was 1977-84.

Calibration of node 800 initially was attempted by adding seven nodes to 
the model between nodes 700 and 800. The seven nodes added to the model 
represented inflow of the Turtle River, the Forest River, the Snake River, the 
Park River, and the Pembina River; ungaged runoff between node 700 and the Red 
River of the North at Drayton, N.Dak.; and ungaged runoff between the Red 
River of the North at Drayton, N.Dak., and node 800. Addition of the seven 
nodes between nodes 700 and 800 did not allow acceptable calibration of node 
800. Therefore, the model was simplified and the seven nodes were combined as 
one node (node 775) to represent the total gain in streamflow and 
dissolved-solids load between nodes 700 and 800. A part of the streamflow and
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dissolved-solids load for node 775 is from unaccounted-for sources. One 
possible source of streamflow and dissolved-solids load is ground-water accrual.

Ground-water accrual has been identified as a source contributing to 
streamflow between node 700 and node 800. Simulation of the regional flow 
system of the Cambrian-Ordovician aquifer by Downey (1984) indicated that 
ground-water accrual to the Red River of the North in northeastern North 
Dakota and eastern Manitoba ranged from about 10 to 40 cubic feet per second. 
Downey (1986) reported that dissolved-solids concentration of ground-water 
accrual may range from about 10,000 milligrams per liter to 50,000 milligrams 
per liter. The accepted calibration for node 800 was for ground-water accrual 
of 75 cubic feet per second and for ground-water dissolved-solids 
concentration of 5,000 milligrams per liter. For modeling purposes, ground 
water was assumed to contribute to streamflow when total runoff between nodes 
700 and 800 is less than 1,000 cubic feet per second. For streamflow of 200 
cubic feet per second, simulated monthly mean dissolved-solids concentrations 
would be about 44 milligrams per liter less than measured dissolved-solids 
concentrations (fig. 12). For streamflow of 2,500 cubic feet per second, 
simulated monthly mean dissolved-solids concentrations and measured 
dissolved-solids concentrations would be about equal. For streamflow of 
36,000 cubic feet per second, simulated monthly mean dissolved-solids 
concentrations would be about 20 milligrams per liter greater than measured 
monthly mean dissolved-solids concentrations.

Recalibration of node 800 should be considered as additional information 
on the interaction of the surface-water and ground-water systems becomes 
available. Although recalibration of node 800 may be desirable, model results 
at node 700 may indicate the magnitude of dissolved-solids concentration 
change that may occur at node 800 as a result of operation of the Garrison 
Diversion Unit Sheyenne River water supply.

Error Analysis

The mean-square-error objective function also was used during calibration 
of the dissolved-solids model. The mean-square-error objective function was 
used during calibration of a similar model of selected tributaries of the 
Yampa River, northwestern Colorado (Parker and Norris, 1983) and of the Yampa 
River (Parker and Litke, 1987). The error function uses the differences 
between logarithms of concentrations estimated from the relations (Guenthner, 
1991) and logarithms of concentrations simulated by the CRRSAP model. The 
mean square error is:

MSE = x2 + s2 , (1) 
where

x is bias, or mean of differences between logarithms of concentrations 
estimated from the relation and logarithms of concentrations 
simulated by the CRRSAP model; and

s2 is variance of differences between logarithms of concentrations 
estimated from the relation and logarithms of concentrations 
simulated by the CRRSAP model.

The bias, variance, mean square error, and mean error in percent for 
dissolved-solids concentration for selected nodes for the period of
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calibration are listed in table 10. The mean error in percent can be derived 
from Matalas (1967) as: 2

sf 
mean error -(ex+ 2 -1)100 (2)

where
e is base of natural logarithms, and
x and s^ are as previously defined.

Mean error is difference between logarithms of concentrations estimated from 
the relations and logarithms of concentrations simulated by the CRRSAP model 
divided by simulated concentrations.

The mean error was less than 5 percent for all nodes except nodes 75, 
where the mean error was -13.8 percent, and 275, where the mean error was 
-10.4 percent (table 10). The error analysis assumes that estimated 
dissolved-solids concentrations are without error. However, this assumption 
is not satisfied because estimated dissolved-solids concentrations are 
estimates of measured values and include some error from the relation. 
Therefore, the mean error in percent for each node in the CRRSAP model may be 
larger than indicated in table 10.

SIMULATION OF GARRISON DIVERSION UNIT SHEYENNE RIVER WATER SUPPLY OPERATION

Streamflow modeling may be used to assess the effects the operation of 
the Garrison Diversion Unit Sheyenne River water supply could have on 
streamflow and water quality of the Sheyenne River and the Red River of the 
North. The PROCRRS and CRRSAP models were used to simulate three conditions: 
(1) baseline conditions, (2) year-round operation of the Garrison Diversion 
Unit Sheyenne River water supply, and (3) nonwinter operation (April through 
October) of the Garrison Diversion Unit Sheyenne River water supply. Effects 
were assessed by comparing simulated streamflows that include Missouri River 
water to simulated streamflows that do not include Missouri River water. In 
addition, the model was used to evaluate the potential of Lake Ashtabula as a 
storage facility for Missouri River water. Evaluation of storage in Lake 
Ashtabula is important because of concern regarding winter operation of the 
Garrison Diversion Unit canal system that delivers Missouri River water to the 
Sheyenne River. The delivery canal will carry water for the Sheyenne River 
water supply along with water for other uses. The ability of Lake Ashtabula 
to store Missouri River water determines, in part, what percentage of 
delivery-canal capacity should be reserved for the Garrison Diversion Unit 
Sheyenne River water supply.

Baseline Conditions

Baseline conditions represented in the models consist of: (1) Gaged and 
estimated streamflow (1931-84) of the Sheyenne River and the Red River of the 
North adjusted to reflect the absence of water-resource developments 
(unregulated streamflow), (2) 1984 permitted surface-water withdrawals for 
irrigation and municipal use, and (3) estimated 1990 demands for municipal 
releases from Lake Ashtabula for Fargo, N.Dak., and Moorhead, Minn. ' 
Unregulated streamflow, as used in this report, is the streamflow that would
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Table 10. Error analysis of simulated mean monthly dissolved-solids 
concentration for selected nodes in the Canals, Rivers, and 
Reservoirs Salinity Accounting Procedures model

Mean square Mean
Node Bias Variance error error

number (x) (s2 ) (MSE) (percent)

75 -0.1742 0.0512 0.0812 -13.8
125 .0044 .0135 .0135 1.1
225 -.0018 .0170 .0170 .7
250 -.0181 .0073 .0076 -1.4
275 -.1142 .0083 .0212 -10.4

600
700
800

-.0080
.0167

-.0051

.0055

.0161

.0925

.0055

.0164

.0925

.5
2.5
4.2

occur if the hydrologic effects of Lake Ashtabula and surface-water 
withdrawals were eliminated. The hydrologic effects of small ponds and 
reservoirs constructed during the data-development period were not considered 
in the computation of unregulated streamflows.

Gaged streamflow of the Sheyenne River and the Red River of the North 
adjusted to reflect the absence of water-resource developments (unregulated 
streamflow) was estimated by Guenthner and others (1990). Unregulated 
streamflow of gaged tributaries to the Sheyenne River and the Red River of the 
North and unregulated ungaged runoff into selected river reaches were used as 
model input for baseline conditions in place of gaged streamflow used for 
model calibration.

Unregulated streamflow of the Sheyenne River downstream from Baldhill Dam 
has the regulated effect of Lake Ashtabula and permitted surface-water 
withdrawals removed from the gaged streamflow record. Unregulated streamflow 
of the Red River of the North has the effects of Lake Ashtabula and permitted 
surface-water withdrawals removed from the gaged streamflow record, but not 
the effects of other reservoirs in the basin.

Streamflow of the Red River of the North is regulated partly by Orwell 
Reservoir on the Ottertail River and Lake Traverse on the Bois de Sioux River, 
along with other controlled lakes and ponds and several powerplants. 
Therefore, the unregulated streamflow of the Red River of the North still has 
effects of some reservoirs. Storage capacities and operation of some 
reservoirs have changed during 1931-84 so streamflows that occurred during 
1931-84 may not occur in the future. Because the model does not simulate 
operation of reservoirs upstream of node 500 on the Red River of the North, 
streamflows simulated by the model may not represent streamflow that would 
occur for present operating criteria of Orwell Reservoir, Lake Traverse, and 
other controlled lakes and ponds.
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Nodes that represent permitted surface-water withdrawals for 1984 are 
listed in table 11. Model simulation of baseline conditions for 1931-84 (648 
months) indicated that all monthly permitted surface-water withdrawals could 
not be satisfied by unregulated streamflow. The number of months that 
surface-water shortages occurred for selected river reaches and tributaries is 
listed in table 12. Permitted surface-water withdrawals for 1984 were reduced 
by the quantity of the shortage, referred to as adjusted 1984 surface-water 
withdrawals, and the adjusted 1984 surface-water withdrawals were used in the 
models for simulation of baseline conditions.

The cities of Fargo, N.Dak., and Moorhead, Minn., have an existing 
allotment of water from Lake Ashtabula. A node that represents delivery of 
the existing municipal allotment of water from Lake Ashtabula to Fargo, 
N.Dak., and Moorhead, Minn., is included in the model (node 272). The U.S. 
Army Corps of Engineers conducted a low-flow reservoir-systems analysis of the 
Red River of the North basin in 1979 (Bill Spychalla, written commun., 1987). 
As part of that analysis, municipal water demands for Fargo, N.Dak., and 
Moorhead, Minn., were estimated for the future, including 1990. The 1990 
estimated demands for municipal water from Lake Ashtabula for Fargo, N.Dak., 
and Moorhead, Minn., were used as the 1984 demands and were used for 
simulation of baseline conditions. The U.S. Army Corps of Engineers 
reservoir-systems analysis of 1990 demands for hydrologic conditions for 
January 1931 through September 1976 indicated that water from Lake Ashtabula

Table 11. Nodes used to represent diversion for 1984 permitted surface-water
withdrawals

Node number Description

71 Permitted withdrawals from headwaters to near Warwick
121 Permitted withdrawals from near Warwick to near Cooperstown
196 Permitted withdrawals from below Baldhill Dam to Valley City
221 Permitted withdrawals from Valley City to Lisbon
246 Permitted withdrawals from Lisbon to near Kindred

271 Permitted withdrawals from near Kindred to West Fargo
272 Withdrawal of Fargo, N.Dak. and Moorhead, Minn., municipal

	allocation from Lake Ashtabula
276 Permitted withdrawals from West Fargo to the Sheyenne River mouth
580 Permitted withdrawals from Fargo to Halstad
680 Permitted withdrawals from Halstad to Grand Forks

780 Permitted withdrawals from Grand Forks to Drayton
781 Permitted withdrawals from Drayton to Emerson
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Table 12. Number of months surface-water shortages occurred at the 1984 level 
of withdrawal for selected river reaches and tributaries during 
simulation of 1931-84 baseline conditions

Number of months 
River reach or tributary shortages occurred

Sheyenne River
Headwaters to near Warwick 216
Near Warwick to near Cooperstown 61
Near Cooperstown to below Baldhill Dam 0
Below Baldhill Dam to Valley City 49
Valley City to Lisbon 66
Lisbon to near Kindred 41
Near Kindred to West Fargo 71
West Fargo to the mouth 125

Buffalo River 69
Elm River 483
Wild Rice River 4

Red River of the North
Sheyenne River at the mouth to Halstad 13

Goose River 350
Sand Hill River
Red Lake River 50

Red River of the North
Halstad to Grand Forks 52

Turtle River 41 
Forest River 115 
Snake River 
Park River 391

Red River of the North
Grand Forks to Drayton 44

Tongue River 42

Red River of the North
Drayton to Emerson 32
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was diverted during 23 months (table 13) for the Fargo, N.Dak., and Moonhead, 
Minn., water supply (Bill Spychalla, written commun., 1987). Water demands 
from Lake Ashtabula for October 1977 through December 1984 were estimated to 
be 25 cubic feet per second for months when the streamflow of the Red River of 
the North below the city of Fargo, N.Dak., water-supply facility was less than 
10 cubic feet per second (one of the criteria in the U.S. Army Corps of 
Engineers analysis). The months water was diverted and the quantity of water 
diverted from Lake Ashtabula for the Fargo, N.Dak., and Moorhead, Minn., water 
supply are listed in table 13.

For baseline conditions, initial dissolved-solids concentration of 
storage in Lake Ashtabula was set at 505 milligrams per liter, which was the 
long-term mean concentration of water releases from Lake Ashtabula as measured 
for the Sheyenne River below Baldhill Dam, N.Dak., gaging station (Guenthner, 
1991). Beginning reservoir content of Lake Ashtabula was set at 59,900 
acre-feet.

Sensitivity of the model was tested by simulating baseline conditions for 
two different initial dissolved-solids concentrations of storage in Lake 
Ashtabula. Initial dissolved-solids concentration of storage in Lake 
Ashtabula was first set at 505 milligrams per liter and then at 450 milligrams 
per liter. The value of 505 is based on existing data and the value of 450 
was arbitrarily picked. Comparison of dissolved-solids concentrations of 
storage for the two baseline simulations for 1931-84 indicated 
dissolved-solids concentrations converged in December 1942. Dissolved-solids 
concentrations of Lake Ashtabula storage were the same for the two baseline 
simulations after December 1942. Streamflows for 1933-41 were relatively low 
compared to Streamflows for other periods during 1931-84. Dissolved-solids 
concentrations for the two baseline simulations would have converged earlier 
than December 1942 if streamflow would have been more representative of normal 
streamflow for the period 1931-84. Selection of 505 or 450 milligrams per 
liter for initial dissolved-solids concentration of storage in Lake Ashtabula 
did not significantly influence long-term or monthly mean dissolved-solids 
concentrations in Lake Ashtabula or of nodes downstream from Lake Ashtabula.

Model output for selected nodes for simulation of baseline conditions for 
the Sheyenne River and the Red River of the North, 1931-84, is summarized in 
the Supplemental Information section.

Year-Round Operation

One of the operating plans of the Garrison Diversion Unit Sheyenne River 
water supply is to deliver Missouri River water to the Sheyenne River for 12 
months each year. Nodes used to represent year-round delivery of Missouri 
River water and to represent withdrawals of the water from the river system 
for municipal and industrial use are listed in table 14. For model purposes, 
67 cubic feet per second was withdrawn from the river system by the city of 
Fargo, N.Dak., and 33 cubic feet per second was withdrawn by the city of Grand 
Forks, N.Dak.
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Table 13. Estimated quantity of water that would be required to be delivered to Fargo. North 

Dakota, and Moorhead, Minnesota, from mundpal storage 1n Lake Ashtabula to satisfy estimated 

1990 demands for hydro!ogle conditions during 1931-84

[All values are 1n cubic feet per second]

Year

1931
1932
1933
1934
1935

1936
1937
1938
1939
1940

1941
1942
1943
1944
1945

1946
1947
1948
1949
1950

1951
1952
1953
1954
1955

1956
1957
1958
1959
1960

1961
1962
1963
1964
1965

1966
1967
1968
1969
1970

1971
1972
1973
1974
1975

1976
1977
1978
1979
1980

1981
1982
1983
1984

Jan.

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
25.0
0
0
0

0
0
0
0

Feb.

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
25.0
0
0
0

0
0
0
0

Mar.

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0

Apr.

0
0
0
25.0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0

May

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0

June

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0

July

0
25.0
0
0
0

25.0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0

Aug.

0
25.0
0
25.0
0

25.0
0
0
25.0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

25.0
25.0
0
0
0

0
0
0
0

Sept.

25.0
25.0
25.0
25.0
0

25.0
0
0
25.0
25.0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

25.0
0
0
0

25.0

0
0
0
0

Oct.

0
25.0
0
25.0
0

25.0
0
0
14.8
25.0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

25.0
0
0
0
0

0
0
0
0

Nov.

0
0
0
25.0
0

25.0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

25.0
0
0
0
0

0
0
0
0

Dec.

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

25.0
0
0
0
0

0
0
0
0
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Table 14.--Description of nodes used for simulation of year-round and nonwlnter 
operation of the Garrison Diversion Unit Sheyenne River water supply

Node number Description

25 Garrison Diversion Unit Sheyenne River water supply

144 Increased evaporation from upper Sheyenne River

273 Increased evaporation from lower Sheyenne River

274 Withdrawal of Garrison Diversion Unit water for the city of 
Fargo, N.Dak., and vicinity

690 Increased evaporation from the Red River of the North

695 Withdrawal of Garrison Diversion Unit water for the city of 
Grand Forks, N.Dak., and vicinity

Monthly mean dissolved-solids concentrations for Missouri River water 
entering the Sheyenne River were obtained from the U.S. Bureau of Reclamation. 
The U.S. Bureau of Reclamation conducted model studies similar to this study 
on the James River in North Dakota and South Dakota (U.S. Bureau of 
Reclamation, 1989b, 1989c). The James River model studies, option S6 (U.S. 
Bureau of Reclamation, 1989c), included a water allocation for the Garrison 
Diversion Unit Sheyenne River water supply through the proposed Sykeston 
Canal. Monthly mean dissolved-solids concentrations of water in the proposed 
Sykeston Canal simulated by the James River model were used as the monthly 
mean dissolved-solids concentrations of Missouri River water discharging to 
the Sheyenne River for 1953-82. Because the James River model studies only 
simulated dissolved-solids concentrations for 1953-82, dissolved-solids 
concentration data for 1931-52 and for 1983-84 were estimated. Monthly mean 
dissolved-solids concentrations of the Garrision Diversion Unit Sheyenne River 
water supply for 1932-51 and for 1983-84 were estimated to be the mean monthly 
dissolved-solids concentrations from the James River model option S6. Model 
output for selected nodes for simulation of year-round operation of the 
Garrison Diversion Unit Sheyenne River water supply for the Sheyenne River and 
the Red River of the North, 1931-84, is summarized in the Supplemental 
Information section.

Nonwinter Operation

Delivery of Missouri River water to the Sheyenne River during the 
nonwinter period April through October could avoid the problem of canal icing. 
Nodes used to represent delivery of Missouri River water to the Sheyenne River 
for April through October and to represent withdrawals of the water from the 
river system for municipal and industrial use for January through December are 
listed in table 14.
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Dissolved-solids concentrations of Missouri River water for nonwinter 
operation were the same as those used in simulation of the year-round 
operation of the Garrison Diversion Unit Sheyenne River water supply. Model 
output for selected nodes for simulation of nonwinter operation of the 
Garrison Diversion Unit Sheyenne River water supply for the Sheyenne River and 
the Red River of the North, 1931-84, is summarized in the Supplemental 
Information section.

Comparison of Simulated Baseline Conditions, Year-Round Operation
and Nonwinter Operation

Simulated mean monthly elevations of Lake Ashtabula for baseline 
conditions and for year-round and nonwinter operation of the Garrison 
Diversion Unit Sheyenne River water supply for 1931-84 are shown in figure 13. 
Simulated elevations of Lake Ashtabula for baseline conditions and for 
year-round operation are identical and are greatest in April. Missouri River 
water can be delivered to Lake Ashtabula on a year-round basis without 
changing the existing operating criteria of the reservoir. However, the 
model representation of the operating criteria of Lake Ashtabula was modified 
to allow for nonwinter operation. To provide the necessary storage for 
nonwinter operation, the simulated water level of Lake Ashtabula was lowered 
during February and March. The lower elevation of Lake Ashtabula during 
February and March also offers the advantage of additional flood storage 
during spring runoff when compared to existing operation of the lake. Using 
the modified operating criteria, simulated elevations for nonwinter operation 
of the Garrison Diversion Unit Sheyenne River water supply are greatest in 
October. The simulated differences in elevations between year-round operation 
and nonwinter operation reflect the additional storage in Lake Ashtabula 
necessary to maintain releases for November through March. Simulated mean 
monthly elevations for year-round operation of the Garrison Diversion Unit 
Sheyenne River water supply ranged from 1,260.87 to 1,264.26 feet above sea 
level. Simulated mean monthly elevations for nonwinter operation ranged from 
1,258.37 to 1,265.66 feet above sea level.

Simulated mean annual evaporation from the water surface of Lake 
Ashtabula for year-round operation of the Garrison Diversion Unit Sheyenne 
River water supply was 87 acre-feet less than the simulated mean annual 
evaporation for nonwinter operation for 1931-84. Mean annual evaporation of 
87 acre-feet is only 0.12 cubic foot per second.

For simulation of year-round and nonwinter operation, simulated Missouri 
River water was delivered to Fargo, N.Dak., during all months for 1931-84, but 
Missouri River water was not delivered to Grand Forks, N.Dak., during all 
months for 1931-84. Simulated Missouri River water was available in the river 
system at node 395, Sheyenne River at the mouth, but the water was lost in the 
Red River of the North between nodes 395, Sheyenne River at the mouth, and 
700, Red River of the North at Grand Forks, N.Dak. The Red River of the North 
between Fargo, N.Dak., and Grand Forks, N.Dak., (excluding inflow of the 
Sheyenne River, the Buffalo River, the Wild Rice River, and the Red Lake 
River) historically loses streamflow during months of low streamflow. 
Simulated Missouri River water is used to satisfy this historic loss of 
streamflow. The loss of streamflow may be accounted for by real losses (such
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as evaporation, ground-water recharge, and temporary loss to ice storage) or 
to errors in estimating inflow from the Sheyenne River, the Buffalo River, the 
Wild Rice River, and the Red Lake River. It is possible that Missouri River 
water would not reach Grand Forks, N.Dak., during months of natural low 
streamflow during both year-round and nonwinter operation of the Garrison 
Diversion Unit Sheyenne River water supply if only 33 cubic feet per second of 
Missouri River water is delivered to the mouth of the Sheyenne River.

Simulated mean monthly streamflows for selected nodes on the Sheyenne 
River for baseline conditions and year-round and nonwinter operation of the 
Garrison Diversion Unit Sheyenne River water supply for 1931-84 are listed in 
table 15. Simulated mean monthly dissolved-solids concentrations for baseline 
conditions and for year-round and nonwinter operation of the Garrison 
Diversion Unit Sheyenne River water supply for selected nodes on the Sheyenne 
River and the Red River of the North for 1931-84 are listed in table 16 and 
shown in figures 14 through 23. Throughout most of this report, simulated 
mean values of streamflow and dissolved-solids concentration for baseline 
conditions and year-round and nonwinter operation of the Garrison Diversion 
Unit are compared. Because hydro!ogic data often are skewed, the reader also 
may want to compare median values. Simulated median values are given in the 
Supplemental Information section.

Median monthly dissolved-solids concentrations were compared for node 800 
instead of mean monthly dissolved-solids concentrations because, for 
streamflows of less than 1,000 cubic feet per second, the large 
dissolved-solids concentration of ground-water accrual between nodes 700 and 
800 caused the simulated dissolved-solids concentrations to be skewed.

Periods of low streamflow are of special interest because dissolved- 
solids concentrations can increase above acceptable levels. One such period 
of low flow is 1933-42. The mean annual streamflow for 1933-42 was only about 
25 percent of the mean annual streamflow for 1931-84. Simulated monthly mean 
dissolved-solids concentrations for baseline conditions, year-round operation, 
and nonwinter operation for node 125, Sheyenne River near Cooperstown, N.Dak., 
for 1933-42 are shown in figure 24. The simulated monthly mean 
dissolved-solids concentrations for node 125 are representative of the monthly 
mean dissolved-solids concentrations for nodes on the Sheyenne River upstream 
from Lake Ashtabula. Generally, simulated monthly mean dissolved-solids 
concentrations for year-round operation were less than those for baseline 
conditions. Simulated monthly mean dissolved-solids concentrations for 
nonwinter operation were less than those for baseline conditions only during 
the months when Missouri River water was added to the Sheyenne River. 
Simulated monthly mean dissolved-solids concentrations for year-round 
operation ranged from 500 to 600 milligrams per liter, except for spring 
months during 1941 and 1942 when they were about 400 milligrams per liter. 
Simulated monthly mean dissolved-solids concentrations for nonwinter operation 
ranged from 500 to 800 milligrams per liter, except for spring months during 
1941 and 1942 when they were about 400 milligrams per liter. Variability of 
concentrations for year-round operation was less than the variability for 
baseline conditions and nonwinter operation.
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DISSOLVED-SOLIDS CONCENTRATION, 
IN MILLIGRAMS PER LITER
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Simulated monthly mean dissolved-solids concentrations for node 250, 
Sheyenne River near Kindred, N.Dak., are representative of monthly mean 
dissolved-solids concentrations for nodes on the Sheyenne River downstream 
from Lake Ashtabula. Generally, simulated monthly mean dissolved-solids 
concentrations for year-round and nonwinter operation during 1933-42 ranged 
from 500 to 600 milligrams per liter, except for spring months during 1941 and 
1942 when they were less than 400 milligrams per liter (fig. 25). Simulated 
monthly mean dissolved-solids concentrations for baseline conditions ranged 
from about 300 milligrams per liter to greater than 1,000 milligrams per liter 
(fig. 25). Simulated monthly mean dissolved-solids concentrations for 
nonwinter operation were less than those for year-round operation.

Simulated monthly mean dissolved-solids concentrations for node 700, Red 
River of the North at Grand Forks, N.Dak., are representative of monthly mean 
dissolved-solids concentrations for nodes on the Red River of the North. 
Generally, the magnitudes of monthly mean dissolved-solids concentrations for 
year-round and nonwinter operation were about the same as those for baseline 
conditions for 1933-42 (fig. 26). Annual variability of dissolved-solids 
concentrations for year-round and nonwinter operation was about the same as 
variability for baseline conditions. The months when dissolved-solids 
concentrations do not change, such as late 1934, represent periods when the 
water in the river did not flow. The concentrations reported for periods of 
no flow are the concentrations for the last month the water in the river did 
flow.

Periods of high streamflow also should be examined. One such period of 
high flow is 1973-82. Mean annual streamflow for 1973-82 was about 30 percent 
greater than the mean annual streamflow for 1931-84, when mean annual 
streamflow was about 81 cubic feet per second. Simulated monthly mean 
dissolved-solids concentrations for 1973-82 for node 125, Sheyenne River near 
Cooperstown, N.Dak., for year-round operation ranged from about 325 to 650 
milligrams per liter (fig. 27). Simulated monthly mean dissolved-solids 
concentrations for baseline conditions and for nonwinter operation ranged from 
325 to 800 milligrams per liter, except during 1982 when those for baseline 
conditions were greater than 1,000 milligrams per liter. Simulated monthly 
mean dissolved-solids concentrations for nonwinter operation had about the 
same annual variability as those for baseline conditions. Simulated monthly 
mean dissolved-solids concentrations for nonwinter operation were less than 
those for baseline conditions for April through October each year and were 
about the same-as those for year-round operation.

Simulated monthly mean dissolved-solids concentrations for node 250, 
Sheyenne River near Kindred, N.Dak., for year-round and nonwinter operation 
for 1973-82 generally were about the same as those for baseline conditions 
except monthly mean dissolved-solids peaks for year-round and nonwinter 
operation were reduced 25 to 100 milligrams per liter (fig. 28). Simulated 
monthly mean dissolved-solids concentrations for nonwinter operation generally 
were about 20 milligrams per liter less than those for year-round operation.

Simulated monthly mean dissolved-solids concentrations for node 700, Red 
River of the North at Grand Forks, N.Dak., for 1973-82 for year-round and 
nonwinter operation generally were about the same as those for baseline 
conditions (fig. 29). Seasonal and annual variability for year-round and 
nonwinter operation and for baseline conditions was about the same.
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SUMMARY

The U.S. Bureau of Reclamation's Project Canals, Reservoirs, and River 
Systems (PROCRRS) streamflow model and Canals, Rivers, and Reservoirs Salinity 
Accounting Procedures (CRRSAP) water-quality model were used to predict 
streamflow and water-quality changes that could result from the proposed 
release of treated Missouri River water into the Sheyenne River and the Red 
River of the North river system. The quantity of Garrison Diversion Unit 
water proposed for delivery to the Sheyenne River was estimated for two 
proposed operating plans: (1) deliver Missouri River water for 12 months each 
year (year-round operation) and (2) deliver Missouri River water for 7 months 
each year (nonwinter operation). For both alternatives, water would be 
released from Lake Ashtabula to provide 100 cubic feet per second for 12 
months each year.

Water loss may occur between the delivery point and the withdrawal 
points; therefore, the Garrison Diversion Unit must be capable of 
delivering 100 cubic feet per second of water plus the maximum water losses 
that can be expected to occur. For year-round operation, the maximum 
quantity of water that must be delivered to the upper reaches of the 
Sheyenne River to compensate for losses for hydro!ogic events that occurred 
during 1931-84 was estimated to be 151.0 cubic feet per second. Maximum 
delivery of Missouri River water for nonwinter operation was estimated to 
be about 210 cubic feet per second.

The PROCRRS model was calibrated by minimizing the differences between 
simulated and gaged streamflow data for node 175, the Sheyenne River below 
Baldhill Dam, N.Dak. The PROCRRS model was calibrated for 1950-84. Simulated 
mean annual streamflow for 1950-84 was 2,074 acre-feet, or about 2 percent, 
greater than gaged mean annual streamflow.

The CRRSAP model was calibrated by minimizing the difference between 
simulated and measured dissolved-solids concentration data. The CRRSAP model 
was calibrated for the range of streamflow that occurred during the period of 
water-quality record for each node.

Model simulations were used to assess the effects that operation of the 
Garrison Diversion Unit Sheyenne River water supply could have on streamflow 
and water quality of the Sheyenne River and the Red River of the North. 
Effects were assessed by comparing simulated streamflows that include Missouri 
River water to baseline conditions. Baseline conditions in the Red River of 
the North basin, including the Sheyenne River basin, represent the hydrologic 
conditions that exist in the basin before addition of Missouri River water to 
the river system.

Model simulations were made for baseline conditions and for year-round 
and nonwinter delivery of Missouri River water. Simulated mean monthly 
elevations of Lake Ashtabula for baseline conditions and for year-round 
operation of the Garrison Diversion Unit Sheyenne River water supply for 
1931-84 are identical and are greatest in April. Simulated elevations for 
nonwinter operation of the Garrison Diversion Unit Sheyenne River water supply 
are greatest in October. The differences in elevations between year-round 
operation and nonwinter operation reflect the additional storage in Lake 
Ashtabula necessary to maintain releases for November through March.
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Mean annual streamflow for 1933-42, which was a low-flow period, was 
about 25 percent of the mean annual streamflow for 1931-84. For the Sheyenne 
River near Cooperstown, N.Dak., which is upstream from Lake Ashtabula, 
simulated monthly mean dissolved-solids concentrations for year-round 
operation were less than those for baseline conditions. Simulated monthly 
mean dissolved-solids concentrations for nonwinter operation were less than 
those for baseline conditions only during the months when Missouri River water 
was added to the Sheyenne River. Variability of concentrations for year-round 
operation was less than the variability for baseline conditions and for 
nonwinter operation. For the Sheyenne River near Kindred, N.Dak., which is 
downstream from Lake Ashtabula, simulated monthly mean dissolved-solids 
concentrations for year-round and nonwinter operation ranged from 500 to 600 
milligrams per liter, except for spring months during 1941 and 1942 when they 
were less than 400 milligrams per liter. Simulated monthly mean 
dissolved-solids concentrations for baseline conditions ranged from about 300 
milligrams per liter to greater than 1,000 milligrams per liter. Simulated 
monthly mean dissolved-solids concentrations for nonwinter operation were less 
than those for year-round operation. For the Red River of the North at Grand 
Forks, N.Dak., the magnitudes of monthly mean dissolved-solids concentrations 
for year-round and nonwinter operation were about the same as those for 
baseline conditions for 1933-42. Annual variability of dissolved-solids 
concentrations for year-round and nonwinter operation was about the same as 
variability for baseline conditions.

Streamflow for 1973-82, which was a high-flow period, was about 30 
percent greater than the mean annual streamflow for 1931-84, when mean annual 
streamflow was about 81 cubic feet per second. Simulated monthly mean 
dissolved-solids concentrations for 1973-82 for the Sheyenne River near 
Cooperstown, N.Dak., for year-round operation ranged from about 325 to 650 
milligrams per liter. Simulated monthly mean dissolved-solids concentrations 
for baseline conditions and for nonwinter operation ranged from 325 to 800 
milligrams per liter, except during 1982 when those for baseline conditions 
were greater than 1,000 milligrams per liter. Simulated monthly mean 
dissolved-solids concentrations for nonwinter operation had about the same 
annual variability as those for baseline conditions. Simulated monthly mean 
dissolved-solids concentrations for nonwinter operation were less than those 
for baseline conditions for April through October each year and were about the 
same as those for year-round operation.

For the Sheyenne River near Kindred, N.Dak., simulated monthly mean 
dissolved-solids concentrations for year-round and nonwinter operation were 
about the same as those for baseline conditions except monthly mean 
dissolved-solids peaks for year-round and nonwinter operation were reduced 25 
to 100 milligrams per liter. Simulated monthly mean dissolved-solids 
concentrations for nonwinter operation were about 20 milligrams per liter less 
than those for year-round operation.

For the Red River of the North at Grand Forks, N.Dak., simulated monthly 
mean dissolved-solids concentrations for 1973-82 for year-round and nonwinter 
operation were about the same as those for baseline conditions. Seasonal and 
annual variability for year-round and nonwinter operation and for baseline 
conditions was about the same.

70



REFERENCES CITED

Downey, J.S., 1984, Geohydrology of the Madison and associated aquifers in 
parts of Montana, North Dakota, South Dakota, and Wyoming: U.S. 
Geological Survey Professional Paper 1273-G, 47 p.

__1986, Geohydrology of bedrock aquifers in the Northern Great Plains in 
parts of Montana, North Dakota, South Dakota, and Wyoming: U.S. 
Geological Survey Professional Paper 1402-E, 87 p.

Garrison Diversion Unit Commission, 1984, Garrison Diversion Unit 
Commission final report: 52 p.

Guenthner, R.S., 1991, Methods for estimating monthly mean concentrations of 
selected water-quality constituents for stream sites in the Red River of 
the North basin, North Dakota and Minnesota: U.S. Geological Survey 
Water-Resources Investigations Report 91-4086, 113 p.

Guenthner, R.S., Weigel, J.F., and Emerson, D.G., 1990, Gaged and estimated 
monthly streamflow during 1931-84 for selected sites in the Red River 
of the North Basin in North Dakota and Minnesota: U.S. Geological 
Survey Water-Resources Investigations Report 90-4167, 230 p.

Hirsch, R.M., 1979, An evaluation of some record reconstruction techniques: 
Water Resources Research, v. 15, no. 6, p. 1781-1790.

Hoovestol, D.R., and Associates, 1988a, Programmers manual, project canals,
reservoirs and river systems model: U.S. Bureau of Reclamation, Contract
No. 8-CS-60-03120, Bismarck, N.Dak. [variously paged].

__1988b, Programmers manual, canals, rivers, and reservoirs salinity 
accounting procedure, CRRSAP program: U.S. Bureau of Reclamation, 
Contract No. 8-CS-60-03120, Bismarck, N.Dak. [variously paged],

Matalas, N.C., 1967, Mathematical assessment of synthetic hydrology: Water 
Resources Research, v. 3, no. 4, p. 937-946.

McDanel, Gary, Jordheim, Conrad, and Roth, Norm, 1989, Project canals, 
reservoirs, and and river systems (PROCRRS) and project canals, 
reservoirs, and rivers salinity accounting procedure (CRRSAP) draft users 
guide: U.S. Bureau of Reclamation, Missouri-Souris Projects Office, 
Bismarck, N.Dak., June 1989.

Miller, J.E., and Frink, D.L., 1984, Changes in flood response of the 
Red River of the North basin, North Dakota-Minnesota: U.S. 
Geological Survey Water-Supply Paper 2243, 103 p.

Parker, R.S., and Litke, D.W., 1987, Calibration of a dissolved-solids 
model for the Yampa River basin between Steamboat Springs and Maybell, 
northwestern Colorado: U.S. Geological Survey Water-Resources 
Investigations Report 86-4190, 41 p.

71



Parker, R.S., and Norris, J.M., 1983, Simulated effects of anticipated 
coal mining on dissolved solids in selected tributaries of the Yampa 
River, northwestern Colorado: U.S. Geological Survey Water-Resources 
Investigations Report 83-4084, 66 p.

Paulson, Q.F., 1964, Geological factors affecting discharge of the Sheyenne 
River in southeastern North Dakota: U.S. Geological Survey Professional 
Paper 501-D, p. D177-D181.

Paulson, Q.F., and Akin, P.O., 1964, Ground-water resources of the Devils 
Lake area, Benson, Ramsey, and Eddy Counties, North Dakota: North Dakota 
State Water Commission Ground-Water Studies 56, 211 p.

Randich, P.G., 1971, Ground-water resources of Benson and Pierce Counties, 
North Dakota: North Dakota State Water Commission County Ground-Water 
Studies 18, part III, and North Dakota Geological Survey Bulletin 59, 
part III, 76 p.

Souris-Red-Rainy River Basins Commission, 1972, Souris-Red-Rainy River 
basins comprehensive study: v. 3, Appendix D, p. D1-D157.

U.S. Bureau of Reclamation, 1986, James River model studies: Garrison 
Diversion Unit Pick-Sloan Missouri Basin Program, 205 p.

__1989a, Garrison Diversion Unit James River studies for South Dakota: 
Missouri Basin Region, Billings, Montana, 127 p.

__1989b, James River comprehensive report, Garrison Diversion Unit: 
Missouri-Souris Projects Office, Bismarck, North Dakota, 267 p.

__1989c, Summaries of technical reports to the James River comprehensive 
report, Garrison Diversion Unit, appendix A: Missouri-Souris Projects 
Office, Bismarck, North Dakota, 403 p.

U.S. Geological Survey, 1959, Compilation of records of surface waters of 
the United States through September 1950; Part 5, Hudson Bay and Upper 
Mississippi River basin: U.S. Geological Survey Water-Supply Paper 
1308, 708 p.

__1964, Compilation of records of surface water of the United States, 
October 1950 to September 1960; Part 5, Hudson Bay and Upper 
Mississippi River basin: U.S. Geological Survey Water-Supply Paper 
1728, 576 p.

__1971, Surface-water supply of the United States, 1961-65; Part 5, 
Hudson Bay and Upper Mississippi basin; volume 1, Hudson Bay basin: 
U.S. Geological Survey Water-Supply Paper 1913, 407 p.

__1971-86, Water resources data for North Dakota, water years 1970-85: 
U.S. Geological Survey Water-Data Reports.

72



1976, Surface-water supply of the United States, 1966-70; Part 5, 
"Hudson Bay and Upper Mississippi basin; volume 1, Hudson Bay basin; 
U.S. Geological Survey Water-Supply Paper 2113, 425 p.

1988, Water resources data for North Dakota, water year 1987: U.S. 
"Geological Survey Water-Data Report ND-87-1, 392, p.

73



SUPPLEMENTAL INFORMATION

The file names and a description of data in the files used in the U.S. 
Bureau of Reclamation's Project Canals, Reservoirs, and River Systems 
(PROCRRS) and Canals, Rivers, and Reservoirs Salinity Accounting Procedures 
(CRRSAP) models are listed in supplement 1. Examples of the model input 
control files for the model simulations discussed in this report are shown in 
supplements 2-9.

Both the PROCRRS and CRRSAP models are monthly models and simulate 
monthly values of streamflow and dissolved-solids concentration for the 
1931-84 study period. The monthly model output data for the simulations 
discussed in this report are stored on the U.S. Bureau of Reclamation computer 
located in Denver, Colo. Summaries of model output for selected nodes for 
simulation of baseline conditions and for simulation of year-round and 
nonwinter operation of the Garrison Diversion Unit Sheyenne River water 
supply for the Sheyenne River and the Red River of the North, 1931-84, are 
given in supplements 10-12.
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